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NEDERLANDSE SAMENVATTING 
In dit doctoraatsonderzoek is onderzoek gedaan naar het aanmaken van poreuze 
draagstructuren (‘scaffolds’) uit biodegradeerbare thermoplastische polymeren door 
het 3D-plotten van micro-geëxtrudeerde filamenten. Deze draagstructuren moeten 
geschikt zijn als basis voor weefselengineering (‘tissue engineering’) van 
cardiovasculair weefsel, met name slagaders en hartklepbladen. Hierbij zijn twee 
aspecten onderzocht: (i) de productie en evaluatie van poly-ε-caprolactone (PCL) 
draagstructuren voor het functioneel vervangen van zowel slagaders als 
hartklepbladen en (ii) de uitbreiding van deze productietechniek naar het 3D-plotten 
van thermisch gevoelige polymeren zoals polylactide (PLA).  
 
In de opstartfase werd een studie gemaakt van (i) de productietechniek, micro-
extrusie voor 3D-plotten, (ii) de eigenschappen van het polymeer (PCL) wat 
verwerkt zal worden tot de betreffende draagstructuren en (iii) de eigenschappen van 
het natuurlijk weefsel (slagaders en hartklepbladen), aangezien deze door de 
draagstructuren dienen benaderd te worden.  
 
3D-plotten van geëxtrudeerde polymeerfilamenten bleek een betrouwbare en 
reproduceerbare techniek te zijn voor het fabriceren van poreuze draagstructuren. 
Door het afstellen van de procesparameters kunnen regelmatige scaffolds met de 
gewenste geometrie geproduceerd worden. 
 
Door middel van een caloriemetrische karakterisatie werd inzicht in de relevante 
transformatietemperaturen en de semi-kristallijne structuur van het PCL materiaal 
verworven. Voorts werden de bulk mechanische eigenschappen van PCL bepaald in 
trek, druk en buiging. De resultaten van deze proeven bleken goed reproduceerbaar: 
de waarden van Et en Ecomp kwamen goed overeen, terwijl de waarde van Eflex
 
 iets 
lager was. Wat betreft de biologische eigenschappen van PCL, is het polymeer te 
hydrofoob voor het effectief vasthechten en verder uitgroeien van een celcultuur. 
Bijgevolg wordt het verbeteren van de oppervlaktegesteldheid van de geproduceerde 
scaffold mee beschouwd als criterium voor het ontwikkelen van een functionele 
draagstructuur voor tissue engineering.  
Het is voor een draagstructuur voornamelijk van belang om de functionele 
(mechanische en biologische) eigenschappen van het natuurlijk weefsel te benaderen 
en niet zozeer de intrinsieke structuur zelf. Bijgevolg werd de complexe structuur 
van natuurlijke slagaders en hartklepbladen slechts kort bestudeerd en werd er 
voorkeur gegeven aan het ontwikkelen van een referentieset van mechanische 
eigenschappen voor beide weefsels. Deze kunnen vervolgens als richtwaarde dienen 
voor de aangemaakte draagstructuur. Voor slagaders was er uitgebreide literatuur 
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beschikbaar en kon deze referentiewaarde gebaseerd worden op een literatuurstudie 
van Eθ
Voor beide weefseltypes werd een hoge mate van flexibiliteit vastgesteld, waarvan 
het benaderen ervan de voornaamste uitdaging inhoudt voor de synthetische 
draagstructuren.   
, de modulus in de omtreksrichting van het bloedvat. De functionele 
eigenschappen van hartklepbladen daarentegen, blijken niet zo uitgebreid besproken 
te zijn in de literatuur. Bijgevolg werden hun mechanische eigenschappen bepaald in 
een serie experimenten die een uni-axiale vereenvoudiging van de fysiologische 
belastingstoestand zijn: een klepblad werd opgespannen over een gat en ingedrukt 
met een bolprobe. De resultaten toonden aan dat het bladweefsel gevoelig is voor de 
verstevigende invloed van voorbelasten en dat de bedrijfstoestand na drie 
belastingscycli bereikt werd.  
 
Voor tissue engineering van slagaders, werden PCL buisjes gemaakt, waarvan de 
mechanische eigenschappen geëvalueerd werden in een uni-axiale ‘ring-open’ 
trekproef. De buisjes die waren geproduceerd met de conventionele 3D plot- 
methode, bleken ongeschikt te zijn voor het functioneel vervangen van slagaders. 
Dit werd voornamelijk veroorzaakt door de inherente eigenschappen van het 
productieproces, zoals (i) het gebrek aan een continue vezel over de lengte van het 
buisje en (ii) de hoge dichtheid van de buiswand, waardoor Eθ waarden werden 
behaald die tien keer zo groot waren als deze van het natuurlijke weefsel. Buisjes 
waarvoor het geëxtrudeerde filament werd opgewikkeld op een roterende as, 
beschikten daarentegen over een continue vezel en over een veel hogere 
wandporositeit, die bovendien beïnvloed kon worden door het wikkelpatroon. Ook 
wat betreft mechanische eigenschappen vertoonden deze gewikkelde structuren veel 
betere resultaten, met Eθ waarden die werden gereduceerd tot het dubbele van Eθ
Als draagstructuren voor hartklepbladen werden vlakke PCL blaadjes gemaakt door 
3D-plotten, met verschillende filamentgroottes en laagoriëntaties. Deze scaffolds 
werden beproefd op dezelfde methode als de natuurlijke klepbladen. Er bleek (i) dat 
ze eenmalig voorbelast dienden te worden om in bedrijfstoestand te komen, (ii) dat 
de buigingseigenschappen onafhankelijk waren van de laagoriëntatie en (iii) dat de 
flexibiliteit steeg met dalende filamentdiameter. Voor de fijnste draagstructuren 
werden een stijfheidsfactor bekomen die nog slechts 1.3 maal deze van het 
natuurlijk weefsel bedroeg. 
 
voor natuurlijk weefsel.  
Om de flexibiliteit verder te verbeteren, werden in het PCL basismateriaal 
verschillende fracties laag-moleculair gewicht poly-(ethylene oxide) (PEO) 
ingemengd. Deze mengsels werden verwerkt tot scaffolds, waarvan de buigstijfheid 
inderdaad gereduceerd bleek en dit proportioneel met de hoeveelheid ingemengd 
PEO. Daarenboven bleek dat de PEO fractie migreert naar de buitenkant van de 
filamenten tijdens het extruderen, met een verhoogde oppervlakteruwheid en sterk 
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verbeterde hydrofiele eigenschappen tot gevolg; een effecten wat als positief wordt 
beschouwd voor de celvriendelijkheid van de draagstructuur.  
 
Om de celvriendelijkheid van de draagstructuren verder te verbeteren, werd een 
methode ontwikkeld voor het verwerken van collageen. De pH-waarde van een 
collageenoplossing werd verhoogd door het mengen met een buffervloeistof bij lage 
temperaturen, waarna het mengsel werd geïnjecteerd in een matrijs die vervolgens in 
een oven op 37°C werd geplaatst, wat tot een stevige gel leidt. De gel werd 
vervolgens uitgedroogd door de ovenbehandeling te verlengen, wat leidde tot een 
dun collageenblaadje. Het zogenaamde “collagen moulding” bleek een betrouwbare 
en reproduceerbare techniek te zijn voor het vervaardigen van homogene 
collageenblaadjes of voor het aanbrengen van een collageen toplaag op een poreuze 
PCL draagstructuur. De mechanische eigenschappen van de collageen blaadjes 
waren erg zwak in verhouding tot het natuurlijke klepblad, maar ze vertoonden wel 
uitstekende biologische eigenschappen. Bijgevolg werd overgegaan op het 
produceren van hybride PCL/collageen scaffolds, waarbij het PCL dienst doet als 
structurele kern en het collageen als toplaag voor het bezaaien met cellen van de 
draagstructuur. De mechanische eigenschappen van de hybride draagstructuur 
kwamen zoals verwacht overeen met deze van onbehandeld PCL en de hoeveelheid 
overlevende cellen na 72 uur celcultuur was bijna 100%.  
 
Dit doctoraatswerk onderzocht ook de toepasbaarheid van 3D-plotten voor het 
betrouwbaar verwerken van thermische gevoelige polymeren zoals PLA. Na 
evaluatie van een eerste reeks aangemaakte draagstructuren in PLA werd al snel 
duidelijk dat het niet mogelijk was om reproduceerbare PLA onderdelen te maken 
met de bestaande extrusiekop voor thermoplasten. Een kritische analyse van de route 
die het polymeer binnen de extrusiekop aflegt tijdens de verwerking, ondersteund 
door een eindige elementen analyse van de warmtehuishouding en door infrarood 
beelden van de verwarmde extrusiekop, toonde aan dat de voorraad polymeer 
gedurende de gehele verblijfstijd van het polymeer in de extrusiekop bij hoge 
verwerkingstemperaturen bewaard wordt. In een daaropvolgende reeks 
fysicochemische experimenten, werd het effect van deze langdurige verblijftijd op 
de structurele integriteit van het polymeer gekwantificeerd voor verschillende PLA-
gebaseerde materialen. De resultaten toonden aan dat de verlengde verhitting, nog 
voor het eigenlijke verwerken van het polymeer door micro-extrusie, inderdaad 
resulteert in een substantiële degradatie van het polymeer door ketenbreuk. Als 
dusdanig werd besloten dat een geschikte extrusiekop ontworpen moest worden voor 
het verwerken van thermisch gevoelige polymeren. 
 
Bijgevolg werd een nieuwe extrusiekop (COMET) ontwikkeld, waarvan het ontwerp 
erop gericht was om de thermische belasting op het polymeer te minimaliseren, 
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zowel tijdens als voor het eigenlijke verwerken. De voornaamste principes waren:  
(i) een thermische scheiding van de materiaaltoevoer (koud) en materiaalverwerking 
door extrusie (warm) en (ii) een discontinu voedingssysteem waarbij het granulaat 
pas naar de verwarmde verwerkingszone wordt gebracht net voor het effectief 
verwerkt wordt. Dit werd verwezenlijkt door gebruik te maken van materialen met 
verschillende thermische eigenschappen, gerichte (lokale) verwarming en een actief 
voedingssysteem. De evaluatie van de warmtehuishouding door middel van een 
eindige elementen model en door infrarood beelden bevestigde dat de thermische 
belasting van het polymeer sterk gereduceerd werd in het COMET systeem: (i) de 
temperaturen in de materiaaltoevoer werden met meer dan 100°C gereduceerd, wat 
het polymeer ver onder de smelttemperatuur brengt in plaats van erboven en (ii) het 
granulaat wordt enkel verwarmd tot boven de smelttemperatuur wanneer het naar de 
warme verwerkingszone gebracht wordt. De experimentele validatie van het 
COMET systeem toonde aan dat zowel het gericht verwarmen als het gecontroleerd 
voeden naar behoren functioneren en dat het mogelijk is om draagstructuren te 
maken door 3D-plotten. Bijgevolg biedt de COMET extrusiekop de mogelijkheid 
om ook thermisch gevoelige polymeren te verwerken via micro-extrusie voor 3D-
plotten; het ontwerp werd beschermd door een europees patent.  
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ENGLISH SUMMARY 
This doctoral research has focused on the feasibility of manufacturing adequate 
scaffolds for cardiovascular tissue engineering through the technique of 3D plotting 
micro-extruded filaments of biodegradable thermoplastics. Two main aspects were 
addressed: (i) the production and evaluation of poly-ε-caprolactone (PCL)  scaffolds 
for the replacement of arteries and heart valve cusps and (ii) the expansion of this 
production technique to the micro-extrusion for 3D plotting of thermally sensitive 
polymers like poly-(lactic acid) (PLA). 
 
At first, a study was made of (i) the production technique itself (micro-extrusion for 
3D plotting), (ii) the properties of the polymer PCL, which was to be processed and 
(iii) the properties of the natural tissue (arteries and heart valve leaflets) which were 
to be approximated by the scaffolds.  
 
Initial exploratory research showed that 3D plotting of extruded polymer filaments 
is a reliable and reproducible technique for the manufacture of porous PCL 
scaffolds. By fine-tuning the process parameters, regular scaffolds with the desired 
geometry may be produced.  
 
The physicochemical characterization of PCL resulted in an understanding of its 
relevant transformation temperatures and semi-crystalline structure. PCL was then 
further evaluated for its bulk mechanical properties in tensile, bending and 
compressive experiments. Results from these tests were very reproducible; Et and 
Ecomp were found to match well to one another, while the value of Eflex
 
 was slightly 
lower. Concerning its biological properties, PCL was found to be too hydrophobic to 
be attractive for cells to attach and proliferate, indicating surface properties (and 
their improvement) as a factor to be kept in mind for the functionality of the 
scaffolds.  
The complex structure of natural arteries and heart valve leaflets was studied only 
briefly, as it is considered important to reproduce the (mechanical and biological) 
functionality of the extracellular matrix with scaffolds and not so much imitate the 
intricate structure itself. Therefore, a reference set of mechanical properties was 
composed for both tissue types. For arteries, extensive literature was available and 
this could be based on a literature review of the circumferential modulus Eθ. The 
functional properties of heart valve leaflets, however, have not been so well 
described. Hence, their mechanical properties were derived from a series of flexural 
macro-indentation experiments, for which a new sample holder was developed. 
Herein, it was found that the cusp tissue is susceptible to the strengthening influence 
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of preconditioning and that after three loading cycles, normal operating conditions 
were achieved.  
For both tissue types, it became apparent that the greatest challenge would be to 
emulate their high flexibility with the synthetic scaffolds.  
 
For the replacement of arteries, PCL tubes were manufactured, which were 
evaluated for Eθ in a tensile ring-open experiment. It was found that conventionally 
3D plotted tubes were unsuitable, mainly due to the inherent properties of the 
production technique such as (i) the lack of continuous fibres over the length of the 
tube and (ii) the excessive density of the tube wall, which resulted in Eθ values of 
over ten times those of the natural arterial wall. Winded tubes, however, for which 
the extruded polymer filament was winded over a rotating axis under different 
angles, had both continuous fibres over their length and a wall porosity which could 
be affected by variations in winding angle and speed. Mechanically, they displayed 
better results as well, with Eθ
As scaffolds for heart valve cusps, thin flat PCL leaflets with different filament sizes 
and orientations were developed and evaluated in the same flexural indentation 
experiment as the natural valves. It was found that (i) they needed to be 
preconditioned with a single loading cycle before reaching operating conditions, (ii) 
the flexural properties were independent of layer orientation and (iii) the scaffold 
flexibility increased with diminishing filament size. Flexural stiffness values of 
130% of those of the natural tissue were obtained for those scaffolds with the 
thinnest filaments. 
 values reduced to about twice that of the natural 
tissue.  
To further increase the flexibility of the leaflet scaffolds, PCL was compounded 
with different amounts of low molecular weight poly-(ethylene oxide) (PEO). 
Evaluation by means of the flexural indentation test showed that the flexural 
stiffness was indeed reduced proportionally to the amount of blended PEO. 
Furthermore, it was observed that the PEO fraction migrated towards the outer 
regions of the extruded filaments during processing, resulting in an increased surface 
roughness and a severe reduction of the hydrophobic nature of the PCL surface, an 
effect which is beneficial to the cell-interactive properties of the scaffold.   
 
To further improve the cell-interactive surface properties of the 3D plotted PCL 
scaffolds, a method was developed for processing collagen suspensions into solid 
parts. The pH of the suspension was raised by mixing it with a buffer solution at low 
temperatures, after which the mixture was injected in a mould and allowed to gel 
undisturbed at body temperature; the gel was then desiccated by extending the oven 
treatment, resulting in a solid thin layer of collagen. Collagen moulding proved to be 
a reliable and reproducible method for the rapid manufacturing of pure collagen 
leaflets and collagen top layers on 3D plotted PCL scaffolds. The mechanical 
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properties of the pure collagen scaffolds were demonstrated to be far inferior to 
those of the natural tissue, but they displayed excellent cell-interactive properties. 
Therefore, the collagen was combined with PCL in hybrid scaffolds, so as to use the 
mechanically superior PCL as a structural backbone for the scaffold and the cell-
interactive collagen as a functional top layer for cell seeding. It was found that the 
mechanical properties of the PCL parts are indeed retained and that the cell viability 
72 hours after seeding was nearly 100 %.  
 
In this doctoral study, the use of the 3D plotting technique for the reliable processing 
of thermally sensitive polymers like PLA, was also investigated. Evaluating a series 
of scaffolds plotted in PLA, it was quickly ascertained that it is not possible to create 
reproducible PLA scaffolds with the conventional dispense head for thermoplastics. 
An analysis of the polymer processing path, supported by a finite element model of 
the dispense head’s thermoregulation and by infrared imaging, confirmed that the 
polymer batch is kept at elevated processing temperatures for the entire duration of 
its residence time in the dispense head. In a subsequent series of physicochemical 
characterization experiments, the effect of this elongated residence time on the 
structural integrity of the polymer chain was quantified for different PLA-based 
polymers. This demonstrated that an elongated heating prior to processing by micro-
extrusion indeed resulted in considerable degradation of the polymer by chain 
scission. As such, it was decided that a suitably adapted dispense head was required 
for the processing of thermally sensitive polymers. 
 
Accordingly, a new dispense head (COMET) was developed; its design was focused 
on the minimization of the thermal loading of the polymer before and during 
processing. Its main principles included (i) a thermal separation of the material 
supply (cold) and material processing by extrusion (hot) and (ii) a controlled feeding 
system in which granulate would only be transported towards the processing zone 
just prior to its actual processing. This was realized by using components with 
different thermal properties, more localized heat supplies and an active feeder 
system. Evaluation of the thermoregulation by means of a finite element model and 
infrared imaging confirmed that thermal loading of the polymer was indeed much 
reduced by the COMET system: (i) temperatures in the material supply were 
reduced by more than 100°C, placing them far below the melting temperature 
instead of above it and (ii) the polymer granulate is heated above the melting 
temperature only when it is transported towards the hot processing zone.  
Experimental validation of the COMET dispense head showed that the localized 
heating system and controlled feeding functioned as required and that it was possible 
to create scaffolds through 3D plotting. It was concluded that the COMET dispense 
head system offers the possibility for reliable processing of thermally sensitive 
 Micro-Extrusion of Thermoplastics for 3D Plotting of Scaffolds 
 
x 
 
polymers by micro-extrusion for 3D plotting and the design was covered in a 
European patent.  
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Chapter 1  
 
INTRODUCTION, STATE-OF-THE-ART AND SCOPE OF THE 
RESEARCH 
In this chapter, an introduction is made to (micro-)extrusion, 3D plotting and 
the use of biodegradable thermoplastics for the production of scaffolds for 
tissue engineering. A state-of-the-art is given and the scope of the research is 
defined. Finally, an overview of the manuscript is offered.  
 
1. 1.  MICRO-EXTRUSION FOR 3D PLOTTING 
Micro-extrusion for 3D plotting is in fact the combination of a polymer-processing 
(extrusion) and a material-deposition (3D plotting) technique, both of which are 
introduced here.  
 
Extrusion of thermoplastic polymers is a well-known industrial processing technique 
for the manufacture of any type of product which has a constant section over its 
length, such as sheets and tubes. The basic principle is illustrated in Figure 1-1: 
granulated polymer material is placed in a feed hopper, from where it falls down in 
the barrel under the influence of gravity. The barrel is heated and contains the 
extrusion screw, which will transport the granulate forward. Through a combination 
of the heat supplied from the heater elements on the barrel and from the friction 
between the polymer and the barrel surface, the solid granulate will transform into a 
homogenous viscous melt, which is pressed through the shaping die at the exit point 
of the barrel, where the polymer takes on the shape of the product’s cross section. 
The extrudate is then cooled (by water or air) and drawn along to be either coiled 
(for soft products) or cut to length (for hard products). 
 
 
 
Figure 1-1: The principle of thermoplastic polymer extrusion [1]. 
 
The temperature profile is graded along the barrel, with the hottest zone at the 
extrusion point of the shaping die. The extrusion screw is usually profiled to contain 
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several zones; the most common profile contains an initial feed zone,  followed by a 
tapered transition zone (also named “compression zone”) which then leads to a 
metering zone which delivers the melt to the opening of the shaping die. Commonly, 
the extrusion screw is 20 to 60 mm in diameter for the smallest range of extruders 
and the screw’s length-to-diameter ratio L/D is kept between 20 and 30 [2].  
In micro-extrusion, the components are scaled down to a much smaller size because 
(i) there is only a limited supply of (often expensive) polymer material available 
and/or (ii) the required end product has a small cross section, limited to a few mm².  
While the processing principles remain mostly the same, a significant difference is 
found in the screw-to-granulate size ratio. Polymer granulate is typically 2 to 4 mm 
in diameter and the channel depth created by a single screw lead section can contain 
several granules at once. Screws for micro-extrusion, however, can be as small as    
6 mm in diameter and cannot contain even a single granule in their lead sections, 
which is illustrated in Figure 1-2. This implies that the granulate needs to be in the 
melt phase or at least in a soft malleable state prior to entering the barrel with the 
extrusion screw.  
 
 
Figure 1-2: A screw for micro-extrusion, depicted alongside some PCL granulate. 
The added scale marks millimetres.  
 
3D plotting is an Additive Manufacturing (AM) technique, which belongs to the 
broader field of Solid Freeform Fabrication (SFF); it uses micro-extrusion for the 
production of thin polymer filaments (100 µm to 1 mm in diameter), which are then 
deposited into a two-dimensional pattern. To this end, the extrusion screw is tilted to 
a vertical position and rendered mobile, as shown in Figure 1-3(a). The mobile 
extruder unit is referred to as a “dispense head”. By stacking the deposited patterns 
layer by layer, a three-dimensional product is built up, an example of which is 
shown in Figure 1-3(b). It would be more accurate to name the technique ‘2.5D’, 
since it relies on the stacking of two-dimensional layers and not the plotting of 
material along a three-dimensional path.  
With 3D plotting, it is possible to create three-dimensional parts with a customized 
geometry and a controlled porosity [3].  
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Figure 1-3: (a) The deposition of an extruded filament in 3D-plotting [3] and (b) 
example of a 3D plotted part.  
 
1. 2.  BIODEGRADABLE THERMOPLASTICS 
Certain classes of biodegradable polymers degrade through hydrolysis in watery 
surroundings at elevated temperatures. Since the human body is a natural watery 
environment at 37°C, these polymers can be quite interesting for biomedical 
applications which require a device to disintegrate over time. Of interest to this 
research is the family of aliphatic poly(α-esters) which includes                          
poly-(ε-caprolactone) PCL, poly-(lactic acid) PLA and poly-(glycolic acid) PGA, 
which is FDA-approved for medical applications [4]. These synthetic materials are 
known to be biocompatible in that they do not elicit an inflammatory response and 
their non-toxic degradation products can be excreted from the body along the natural 
pathways [5]. They have different mechanical properties, crystallinity and 
degradation times, all of which can be tailored by copolymerizing in the adequate 
proportion [5-7].  
Biodegradable thermoplastic parts are often used by the surgeon as temporary 
components to suture a wound or to either insert or fix a long-term implant. These 
components fulfil a temporary joining or supporting function, after which they 
degrade into the body, thus avoiding the necessity of re-operation on the patient. 
Bioresorbable sutures are commonly extruded mono- or multi-filament wires and 
have been in use for decades. Larger components are usually injection moulded; 
examples of resorbable fixation devices include screws, plates and meshes for 
craniofacial procedures  [8, 9], devices for meniscal repair [10] and orthodontic 
anchorage [11].  
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1. 3.  SCAFFOLDS FOR TISSUE ENGINEERING 
A growing application of biodegradable polymers is the manufacture of scaffolds for 
tissue engineering, an advanced multidisciplinary research field which endeavours  
to meet the growing demand for donor organs and tissues [12-14]. According to the 
tissue engineering principle, biodegradable scaffolds are used as support structures 
for the culture of the patient’s harvested cells in an in vitro environment, so as to 
(re)create healthy tissues meant to replace diseased ones.  
 
 
Figure 1-4: The principle of tissue engineering.  
 
While this neo-tissue grows, the scaffold slowly degrades into nontoxic components, 
eventually leaving only the new, functional and healthy tissue behind. This final 
construct can be implanted into the patient before, during or after cell culture and 
will not solicit any rejection, because the cells used are the patient’s own.  
 
The scaffolds are in fact temporary replacements for the extracellular matrix and 
must provide structural integrity to the growing tissue for as long as the cells are 
building their own natural matrix, after which they must degrade (into non-toxic 
products) so that this neo-tissue may take over the mechanical strength and function 
of the whole [15, 16]. Furthermore, scaffolds for tissue engineering must live up to 
the following prerequisites [17]: 
 Biocompatibility: the scaffold components (synthesis products, leachable 
by-products, degradation products,…) should not elicit inflammatory 
response or demonstrate extreme cytotoxicity; 
 Biodegradability/bioresorbability: the scaffold material should degrade and 
be resorbed at a controlled rate; 
 Cell-interactive properties: the surface properties of the scaffold should 
facilitate cell adhesion, proliferation and differentiation; 
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 Porosity: the pore size and pore interconnectivity of the scaffold must be 
sufficient for the ingrowth of cells and the transport of nutrients and waste 
materials. For most tissue engineering applications, a pore size of 100 to 
500 µm is considered adequate [16]. This is, however, strongly dependent 
on the specific application; 
 Mechanical properties: the mechanical properties of the scaffolds should 
match those of the extracellular matrix of the tissue they are meant to 
replace. 
SFF technologies like 3D plotting are considered very suitable for the manufacture 
of scaffolds, because the technique (i) offers control over the 3D geometry and 
porosity of the scaffold and (ii) can be scaled to a production level once tissue 
engineering reaches the stadium of clinical practice [18, 19].  
 
1. 4.  THE NEED FOR SCAFFOLDS IN CARDIOVASCULAR MEDICINE 
Cardiovascular disease has been death cause number one in the United States since 
1918. According to a recent report describing the incidence of cardiovascular 
disease in the United States for the year 2007, a stunning 34% of all deaths was 
attributed to cardiovascular disease [20]. 
Within this field of cardiovascular medicine, two tissues often requiring replacement 
are arteries (over 30 000 reported deaths in 2007) and heart valves (over 23 000 
reported deaths in 2007). This section briefly introduces the surgical possibilities 
and the clinical need for a tissue engineered alternative.  
 
1. 4. 1.  Arterial replacements 
Vascular grafts (almost exclusively arterial grafts in clinical practice) are implanted 
in patients to replace or bypass arteries damaged by conditions such as stenosis, 
atherosclerosis or an aneurysm. When possible, a fresh arterial graft is taken from 
the patient’s own body. For example, parts of the saphenous vein are used in this 
way. The obvious advantage is the complete biocompatibility of the graft, and the 
fact that it is living, self-renewable tissue being transplanted. Veins however, are 
part of the low pressure side of the circulation and are anatomically different from 
arteries. This may cause them to deteriorate when exposed to arterial hemodynamic 
forces. Additionally, the number of veins which can be transferred without venous 
disturbance is limited, and veins may be unsuitable due to pre-existing conditions. A 
suitable autologous graft is not available in 40% of all patient cases [21].  
 
When no human donors or suitable autologous grafts are available, a non-degrading 
synthetic graft like Goretex® (expanded polytetrafluorethylene) or Dacron® 
(polyethylene terefthalate) can be used. Such grafts can be coated with heparin or 
gelatine to improve biocompatibility. A synthetic graft prosthetic is quite successful 
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for vessels with an inner diameter of 6 mm or more.  However, for smaller arteries 
there are complications like thrombosis and occlusions which eventually lead to 
non-patency of the vascular graft [22-27]. As such, a tissue engineered blood vessel 
(TEBV) might provide a solution. Some synthetic polymer-based TEBV have 
already been investigated, but it remains a challenge to develop polymer-based 
scaffolds with elastic-mechanical properties which match those of the natural tissue 
[28].  
 
1. 4. 2.  Prosthetic heart valves 
When surgical repair of the failed valve is not an option, the natural valve is 
surgically removed and a prosthetic valve is implanted. For clinically available 
prosthetic valves, three major categories can be discerned:  
 Allografts generally have good hemodynamic properties and require no 
anticoagulation therapy. As they require human donors, their greatest 
restriction is their availability. Such valves do degenerate over time, and 
typically last for 10-15 years before re-operation is required.  
 Mechanical valves can boast good hemodynamics and a very good life 
time; if no complications occur, a patient should be able to live the 
remainder of his natural life with his mechanical valve. The downside is the 
requirement of life-long anticoagulation therapy; since the mechanical 
valve is made completely in foreign materials, it presents the body with a 
lot of thrombogenic surfaces. Materials commonly used for mechanical 
valves include titanium, cobalt-chrome alloys, graphite and pyrolitic 
carbon.  
 Bioprosthetic valves are xenogenic heart valves, mostly from porcine or 
bovine origins. The animal valves are fixed with gluteraldehyde, which 
stabilizes the tissue and masks the foreign tissue’s antigenicity through a 
cross linking process. These tissue valves do not require anticoagulation 
therapy, but they do degenerate and ultimately fail, with an expected life 
time of 10 to 15 years, comparable to the homograft. Calcification is 
commonly seen as the main cause of bioprosthetic heart valve failure     
[29, 30]. The decellularization of bioprosthetic valves has been proposed as 
a support strategy to prevent calcification [31]. However, more recent 
studies have shown that this does not have a beneficial effect towards the 
valve’s calcification potential; to the contrary, decellularized valve matrices 
evoked a stronger calcification than a clinical bioprosthesis porcine valve, 
treated with gluteraldehyde [32].  
All of the abovementioned clinically available replacement valves, however, are 
non-living prosthetics which lack the potential to grow and will eventually require 
replacement if the patient lives long enough. For this reason, researchers look 
toward tissue engineering as a possible future for heart valve engineering. 
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1. 5.  STATE-OF-THE-ART:  SCAFFOLD PRODUCTION TECHNIQUES 
Having now introduced the concept of scaffolds for (cardiovascular) tissue 
engineering and the clinical need for such engineered prosthetics, this section offers 
an overview of the most common production techniques for scaffolds; the next 
section will offer a state-of-the-art on the development of scaffolds for 
cardiovascular applications. The different cell lines and culture methods which have 
been investigated for cardiovascular tissue engineering are not discussed, as they are 
considered outside the scope of this research.  
 
Production techniques for scaffolds can roughly be divided according to the form of 
the base material used. On the one hand, there are the solution-based techniques, for 
which the biomaterial is brought into a solution to ease processing and examples of 
which include solvent casting, phase separation and electrospinning. On the other 
hand, there are the solid freeform fabrication techniques, which make use of the 
biomaterial in its unaltered form; examples include stereolithography, selective laser 
sintering, and 3D plotting.  
 
An additional distinction can be made for the composing materials themselves, 
largely depending on their processing temperature and plasticity:  
 the materials which are viscous at ambient temperatures (up to 40°C); these 
include both synthetic and natural polymer-based hydrogel, composite gels, 
slurries and pastes. They are the only material class suitable for cell or drug 
inclusion during material processing, and are processed with solution-based 
techniques. Examples include alginate gels (natural), fibrin gels (natural), 
poly(vinyl alcohol) gels (synthetic).  
 the thermoplastic polymer materials. These require elevated processing 
temperatures (up to 300°C) in order to “flow” and be shaped. Well-known 
examples are the degradable polyesters poly-(lactic acid),                      
poly-(glycolic acid), poly-ε-caprolactone, and their copolymers. They are 
either processed as powders or granulates above their melt temperature, or 
solution-based at ambient temperatures.  
 Finally, the high-temperature components are discerned; these include 
metals and ceramics, which require melting or sintering at temperatures 
above 300°C (and sometimes over 1500°C).   
 
The choice of production technique is directly affected by the used material(s) and 
the desired properties of the final construct. Decisive factors include: 
 The required processing temperature of the material; 
 The required overall porosity and, if applicable,  fibre size of the construct; 
 The required geometrical randomness or periodicity. 
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This section will discuss the principle and applicability of solvent casting, phase 
separation, electrospinning, and additive manufacturing techniques like sintering and 
3D plotting. This is not a restrictive overview; some techniques which are not 
explored here, include lyophilisation, gas foaming and UV-polymerisation. 
 
1. 5. 1.  Solution based techniques 
1. 5. 1. a.  Solvent casting  
Solvent casting is a simple method for the creation of uncomplicated shapes like flat 
sheets, which is executed at room temperature. Advantages include the ease of 
fabrication, the lack of specialised equipment, the low processing temperatures and 
the high interconnectivity of the pores [13]. Disadvantages include the possible 
retention of toxic solvent within the polymer, the limited geometries attainable and 
the possible denaturation of natural proteins by the solvent [33].  
In short, a polymer is dissolved in a solvent in a concentration which will be 
dependent on the required viscosity and properties of the solvent-cast film. This 
solution is then cast unto a surface (e.g. glass plate, or Teflon) and allowed to dry. 
The length of the drying phase will be dependent on the volatility of the solvent and 
the thickness of the film. Removal of the solvent may be enhanced by a secondary 
drying step under vacuum. Once the solvent has evaporated from the film, it is 
removed from its recipient surface and the film is ready for use. Solvent-cast sheets 
can be combined with other parts to create more complex constructs [34].  
1. 5. 1. b.  Phase separation 
Phase separation is another solution-based technique, used for the creation of highly 
porous parts. For a polymer solution, the phase separation technique is based on the 
crystallisation of the solvent [35]; the different processing steps are illustrated in 
Figure 1-5. The solution is prepared in a container and subsequently placed in a 
freezer. The drop in temperature causes the solvent to crystallize and freeze, 
inducing a solid-liquid phase separation. This solidified mixture is transferred to a 
freeze dryer, where the solvent is removed from the mixture by the applied vacuum. 
The result is a highly porous foam-like structure. 
The technique is not restrictive to polymer solutions alone; it can also be applied to 
polymer-ceramic compounds, although this complicates the fabrication process [36].  
As with solvent casting, the geometrical macro-shapes are limited to simple forms 
(but thicker parts may be obtained) [13].  Pore size and shape can largely be 
controlled, but many of the pores are not completely interconnected and long 
tortuous pathways are often created, which is disadvantageous for several 
biomedical applications such as the release of growth factors for cell diferentiation 
or the nutrient flow within the construct [19, 37].  
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Figure 1-5: The principle of phase separation [38].  
 
1. 5. 1. c.  Electrospinning 
Electrospinning is a well know technology for the production of thin filaments [19, 
39-54]. It uses an electrical charge to fabricate very fine fibres, typically 15 nm to 10 
µm in diameter [45]; an example of the structure of an electrospun part is shown in 
Figure 1-6.  
 
 
Figure 1-6: The microstructure of an electrospun scaffold. The scale bar is 10 µm 
[45]. 
 
Electro spinning shares characteristics of both electro spraying and conventional 
solution dry spinning of fibres. The process is non-invasive and does not require the 
use of coagulation chemistry or high temperatures to produce solid threads from a 
solution. This makes the process particularly suited to the production of fibres using 
large and complex molecules like polymers [55]. The standard laboratory setup for 
electro spinning is shown in Figure 1-7: it consists of a spinneret (typically a 
hypodermic syringe needle) connected to a high-voltage (5 to 50 kV) direct current 
power supply, a syringe pump, and an electrically grounded collector plate. A 
polymer solution, sol-gel, particulate suspension or melt is loaded into the syringe 
and this liquid is extruded from the needle tip at a constant rate by a syringe pump. 
Alternatively, the droplet at the tip of the spinneret can be replenished by feeding 
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from a header tank providing a constant feed pressure. This constant pressure type 
feed works better for lower viscosity feedstocks. 
Medical applications requiring relatively small amounts of fibre are popular areas of 
applications for electrospun fibre reinforced materials; electrospinning is being 
investigated as a source of cost-effective, easy to manufacture wound dressings, 
medical implants and scaffolds for tissue engineering. This solution-based 
fabrication technology can be used either for gels or thermoplastic polymers. 
Biodegradable thermoplastics such as poly-ε-caprolactone are often used for this 
purpose; these fibres may be coated with collagen to promote cell interaction, 
although collagen has successfully been spun directly into membranes as well        
[3, 49, 52, 54, 56]. Multi-material composites can be achieved by the spinning of 
different materials into consecutive layers [53]. 
 
 
Figure 1-7: the principle of electrospinning [38].  
 
The major disadvantage which is reported for electrospun scaffolds, is that their 
porosity is insufficient for the penetration of cells and nutrients [45, 57]. 
 
Generally, the disadvantages of the solution-based production techniques include the 
use of organic solvents, the lack of control over the internal geometry and porosity 
as well as insufficient mechanical properties [3, 13, 19, 58, 59].  
 
  
Chapter 1 Introduction 
 
 11 
1. 5. 2.  Solid Freeform Fabrication techniques 
Since about a decade, Solid Freeform Fabrication (SFF) techniques have emerged as 
a new alternative for the fabrication of scaffolds. These technologies offer the 
advantage of complete control over the entire 3D geometry of the produced part, 
which entails the benefits of (i) increased repeatability and reproducibility, (ii) larger 
individual pores, (iii) a much better controlled porosity and pore interconnectivity 
and (iv) superior mechanical properties in comparison to the solution-based 
techniques discussed above [18, 19, 59-62].  
 
Specifically of interest are the Additive Manufacturing (AM) technologies, which 
build up objects in layer-by-layer fashion from 3D CAD files. They can create 
objects with a high grade of complexity, otherwise not possible with traditional 
manufacturing methods [59, 60]. The 3D CAD file is sliced into a stack of layers 
with tuneable thickness which is relayed to post-processing software, based on 
which the AM device will proceed by creating the bottom layer of the part, after 
which the second layer of material is added on top of and connected to the first 
layer, and so on. This is illustrated in Figure 1-8 for a cylindrical part. 
The addition of each layer is realized by either solidifying or depositing material in a 
selective manner. The former method includes stereolithography (SLA) and 
Selective Laser Sintering (SLS), while the latter includes 3D plotting, the production 
process which is considered within this doctoral dissertation.   
 
 
Figure 1-8: The principle of slicing a part into layers [38]. 
 
1. 5. 2. a.  AM by selective solidification 
In SLA, of which the principle is shown in Figure 1-9, the base material is a resin of 
photo reactive monomer liquids like acrylate and epoxies. Within a single layer, the 
material is solidified by the addition of energy from a laser or UV source. The table 
onto which the part is being produced will move downwards into the photopolymer 
bath after the completion of each layer and a sweeper arm (not shown in the figure) 
will evenly distribute a layer of resin on top of the product, which is then used for 
the solidification of the next layer. By repeating this procedure, the entire part is 
eventually built up.  
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Although SLA itself has existed for several years as a rapid prototyping technique 
[63, 64], it has only recently been adopted for scaffold fabrication, with the 
development of biocompatible resins [65].  
 
 
Figure 1-9: (a) the principle of SLA and (b) a porous part manufactured by SLA 
[60]. 
 
In SLS, energy is added to a powder bed for the selective solidification of material 
within a layer. The material is not melted; instead powder grains of the material are 
fused together by heating the materials shortly just above the melt temperature, so 
that only the outer layer of the powder grains melts and fuses to the adjacent grain. 
Alternately, the compound contains a low-melting binder material that will melt 
under the influence of the locally added energy and serve as a matrix to hold the 
high-melting material parts (typically ceramics or metals) together. This indirect 
sintering is illustrated in Figure 1-10(a). The principle of SLS is shown in        
Figure 1-10(b), where the part is produced within the power bed. After the 
completion of each layer, this power bed is lowered and powder brought from the 
powder supply is rolled out evenly on top of the powder bed by a roller. Within this 
fresh layer of powder, the next layer of the product is sintered. Repetition of this 
procedure eventually yields a completed 3D part.  
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Figure 1-10: (a) Indirect sintering [38] and (b) the operating principle of SLS [60]. 
 
Sintering of scaffolds is most often pursued for bone tissue engineering; reported 
research mostly includes work on SLS bone scaffolds from titanium (Ti)-based 
materials [66-70], although some research is done regarding PCL [71-73] and even 
PLA [74]. An example of a Ti-based scaffold is shown in Figure 1-11(a) and the 
microstructure of a sintered PCL scaffold is shown in Figure 1-11(b).  
 
 
Figure 1-11: (a) A Ti-based scaffold made by SLS and (b) the structure of sintered 
PCL. Images courtesy of Simon van Bael (KULeuven, PMA, Belgium). 
 
1. 5. 2. b.  AM by selective deposition 
AM by selective material deposition largely follows the same principle as selective 
solidification techniques. The difference lies therein that while for selective 
solidification, energy is added to a bed of material where the part needs to be built, 
deposition techniques will “drop” material onto a recipient in order to build the part 
in a layer wise fashion [75]. 3D plotting, the technique which is considered within 
this research, belongs to this group of manufacturing techniques, as does Fused 
Deposition Modelling (FDM). In FDM, the principle of which is illustrated in  
Figure 1-12, a polymer filament is supplied from a coil to heated a nozzle, where it 
is melted and extruded as a molten filament which is then deposited on a platform.  
 Micro-Extrusion of Thermoplastics for 3D Plotting of Scaffolds 
 
 14 
After every layer, the platform is lowered and the next layer may be added.  The  so-
called support material is added from a second coil and provides the buffer layer 
between the part and the platform.  
 
 
 
Figure 1-12: The operating principle of FDM [76]. 
 
The main difference between 3D plotting and FDM is that FDM uses a coiled 
filament as precursor material and 3D plotting uses the raw (granulate, powder or 
even regrind) polymer. This results in some outspoken advantages for 3D plotting 
when compared to FDM, which are:  
i. There is no need for the polymer to be supplied in a filament shape, something 
which requires a separate extrusion procedure prior to actual processing on the 
AM device. Therefore: 
a. the thermo-mechanical load on the polymer, which is induced by this 
first extrusion is avoided; 
b. there is no dependency on the limited number of commercially 
available material types for the precursor filaments. Any thermoplastic 
polymer may be processed;  
ii. In 3D plotting, the size of the plotted filaments (and subsequently, the layer 
thickness) is not restricted by the dimensions of the precursor filament used. 
Furthermore, the major advantages of material deposition compared to material 
solidification techniques are that:  
i. much smaller amounts of material are required for start-up: a large amount of 
base material is required for both standard SLA (a vat of resin) and SLS (a full 
powder bed), while a little more than the material required for the scaffold itself 
is sufficient for FDM and      3D plotting;  
ii. the technique can be used for the processing of any thermoplastic material and 
is not restricted to photopolymers (SLA) or the limited spectrum of polymers 
which are available in the appropriate powder form for SLS [76]. 
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All of these considerations have led to the decision to use 3D plotting as the 
production method for scaffolds within this research.  
Some groups have gone as far as to create their own 3D plotting device [62, 77-79], 
but in recent years systems for 3D plotting of scaffolds by deposition of micro-
extruded filaments have become commercially available as well. Two machines 
currently exist: the BioScaffolder1 apparatus, which is used in this research, and its 
precursor the Bioplotter2 75 [ , 80]. A small dozen of Bioplotter devices is currently 
in use in Germany, Italy, the UK, Australia, South Korea and the US. At first, the 
Bioplotter was mostly focussed on the plotting of gels into a liquid medium [75]; it 
is only recently that they have expanded their scope to the incorporation of 
thermoplastics [81]. Currently3
 
, only eight BioScaffolder machines are in use, all of 
which are found in Europe. Three machines were installed in the same year as the 
apparatus at University College Ghent (January 2008) and the remaining four were 
installed in the following years. As such, little to no information was available at the 
outset of this doctoral research in regard to the actual processing of polymers and 
manufacturing of scaffolds with this machine.   
  
                                                        
 
1 SysEng, Germany 
2 Envisiontec, Germany 
3 Situation of August 2011, based on direct information from SysEng 
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1. 6.  STATE-OF-THE-ART:  SCAFFOLDS FOR CARDIOVASCULAR 
TISSUE ENGINEERING 
This section offers a concise overview of the state-of-art in the development of 
scaffolds for the tissue engineering of blood vessels and heart valves. For both 
applications, it may be noted that the use of synthetic polymer scaffolds has only 
been explored in recent years, when no clinical solutions appeared to be forthcoming 
from the research on xenogenic and biological-based scaffolds.  
 
1. 6. 1.  Tissue engineered blood vessels (TEBVs) 
The three main approaches to tissue engineering in general have all been followed 
for the construction of a TEBV. Illustrated in Figure 1-13, these include: 
i. The assembly of cell sheets; this is in fact a scaffold-free approach; 
ii. The use of hydrogel scaffolds; cells are embedded or seeded; 
iii. The use of a porous synthetic biodegradable polymer scaffold.  
 
Figure 1-13: (a) Cell sheet assembly, (b) embedding of cells in a 3D hydrogel and 
(c) the use of a porous solid biodegradable scaffold [57].  
 
In a ground-breaking research in 1998, L’Heureux et al. [82] cultured human smooth 
muscle cells (SMCs) and fibroblasts in the presence of ascorbic acid to form sheets 
which included an associated ECM. These sheets were then rolled over a mandrel to 
form a vascular wall media layer, composed mainly of SMC and coated on the 
adventitial side by fibroblasts. The inner tube (luminal surface) was then seeded 
with endothelial cells. Thus the three-layer structure of a native vessel was 
mimicked and a functional endothelium achieved. Although the grafts have shown 
good patency in the canine model [83], no further animal trials have been reported. 
Moreover, the grafts require 28 weeks of culture prior to implantation; such a long 
production time would make sheet-based approach unsuitable for clinical 
application. More recently, these researchers have reported a new direction for the 
scaffold-free approach, namely the direct printing of cell layers [84, 85]. 
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As early as 1986, the use of hydrogel scaffolds as carriers for cells has been 
successfully explored by Weinberg et al. [86]. These gels are based on collagen or 
fibrin [26, 86-90], which are important components of the natural ECM, or on 
gelatin [91, 92], which is derived from collagen. As such, they provide a more than 
adequate environment for the attachment and proliferation of cells.  
Alternatively, these natural polymers have been processed by free-drying to create 
porous scaffold architectures [93, 94].  
The main issue with these gel-based scaffolds is their lack of mechanical strength; 
they are generally much weaker than the natural tissue. While some improvement of 
mechanical properties has been reported for TEBV constructs which were stimulated 
by cyclic mechanical stretching [87, 88, 93], this remains insufficient in comparison 
to the natural tissue.  
 
When looking towards synthetic polymer scaffolds for TEBV, the opposite concern 
arises, namely that the scaffolds would be too stiff in comparison to the natural 
tissue. Electrospinning is a popular manufacturing technique because the filaments 
are much thinner than those produced by SLS or 3D plotting and as such offer more 
flexible properties. A sufficient compliance (widening of the inner diameter in 
function of an applied hydrostatic pressure) has been reported for electrospun 
scaffolds made in poly-(lactic glycolic acid) (PLGA) [52], scaffolds which combine 
a pliable PCL inner layer with a stiffer PLA outer layer [53] and hybrid scaffolds 
which combine PCL and collagen [47]. However, as mentioned earlier, the main 
issue with electrospun scaffolds remains their insufficient porosity for cell ingrowth.   
Recently, 3D plotting has been used to add an external layer of PCL to an 
electrospun PLA scaffold [95], but mostly the possibilities of using 3D plotting for 
the direct manufacture of scaffolds for TEBV remain unexplored.  
 
1. 6. 2.  Tissue engineered heart valves (TEHVs) 
For the creation of a tissue engineered heart valve (TEHV), three main approaches 
exist [96, 97]: 
i. Repopulation with cells of a biological matrix; 
ii. The use of a gel-based scaffold from natural polymers; 
iii. The use of a porous synthetic biodegradable polymer scaffold.  
Biological matrices are made up of tissue of animal origin from which the cells are 
removed by a decellularization treatment, providing a natural ECM which can be 
implanted as such or repopulated with cells [29, 31, 98-101]. Prominent animal 
sources for these valves often include pigs [31, 102, 103] or kangaroos [29]. To 
maintain their structural stability and prevent inflammatory reaction from the host 
tissue, these acellular scaffolds are often chemically crosslinked.  
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One o f the  crit ica l challenges is to  repopu la te  the  matrix  with cells, no t 
only  on  the  su rface , bu t  also  to st imulate  su fficien t  invasion  in to  the 
scaffo lds [104]. No t  on ly  shou ld  the  matrix  be  repopu la ted  with 
in terst it ia l ce lls, it is also  essen t ial that  endo thelia l ce lls should be  ab le to 
cover the  matrix and  sh ie ld  the  an t igenecity o f the  underlying  valve . 
Desp ite  sign ifican t  research  effo rts invo lv ing  d ifferen t  ce ll lines and  the 
use  o f g rowth  facto rs, the  su fficien t  repopula t ion  o f acellu lar matrices 
remains unsuccessfu l [105]. A possible contribution to the lack of cell ingrowth 
on acellular matrices can be found in the crosslinking treatment. It has been noted 
that such a fixation treatment has a negative influence on both the mechanical 
compliance and the cell attractiveness of the matrix [100, 106]. The use of a 
crosslinking agent has a densifying effect on the matrix structure [103, 107] and it 
could very well be that creation of crosslinks in the layered structure prevents the 
cells from entering the matrix. 
 
Scaffolds for TEHV from biological polymers mostly include collagen                 
[39, 108-110] or fibrin [111, 112] based substrates. These gels are given shape in a 
premade mould, which is often manufactured by an AM technique, and then 
solidified by freeze-drying [108-110]. Cell seeding results are usually quite 
promising, but the overall mechanical properties and structural integrity of these 
constructs remain insufficient. Strategies to improve these properties include 
mechanical conditioning [113] and cross-linking [108]. 
A very interesting production method was recently developed by Ahn et al. [39], 
who was able to process a collagen gel in a combined setup: first strands of collagen 
were 3D plotted at cryogenic temperatures of -40°C and freeze-dried, after which 
thinner collagen fibrils were added to the surface of the scaffold by electrospinning 
at ambient temperatures. The thin top layer of electrospun collagen is intended for 
the initial attachment of cells, which could then migrate in the more open porosity of 
the underlying 3D plotted part. Even though a crosslinking agent was used to ensure 
the structurally integrity of this construct, initial cell trials showed a good 
proliferation of cells after 21 days of culture.  
 
As with the known research in TEBV, electrospinning is the most popular 
manufacturing technique for the creation of synthetic scaffolds for TEHV; the 
polymer PCL is mostly used, due to its more flexible properties compared to other 
thermoplastics like PLA and PGA [114-117]. In some cases, the PCL surface is 
coated with biological material to improve the cell-interactive properties [116].  
Up to date, there is no literature which reports the use of 3D plotted scaffolds for 
TEHV [118].  
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1. 7.  AIMS AND SCOPE OF THIS RESEARCH 
From the state-of-the-art concerning the manufacturing techniques for scaffolds and 
the realization of a TEBV or TEHV, the following points are retained in relation to 
the current study: 
i. Although 3D plotting is a promising technique for the manufacture of 
thermoplastic polymer scaffolds, little information is available on the 
specifics of processing polymers with the BioScaffolder 3D plotting 
technology because of its quite recent development.  
ii. Despites the benefits it might offer in comparison to electrospinning 
(larger pores, controlled geometries), 3D plotting has not yet been 
extensively researched as a potential manufacturing technique for the 
scaffolds of TEBV or TEHV.  
It is the aim of this doctoral research to use 3D plotting of micro-extruded 
thermoplastic filaments for the creation of functional scaffolds for cardiovascular 
tissue engineering, in a reproducible and reliable manner.  
As such, the following research questions are formulated: 
1) Is it possible to use micro-extrusion of biodegradable thermoplastics for the   
3D plotting of scaffolds which may serve as functional replacements for the 
extracellular matrix of arteries and heart valve leaflets?  
a) Is it possible to approximate the functional mechanical properties of these 
cardiovascular tissues with scaffolds? 
b) Is it possible to include or add sufficient cell-interactive properties so that 
these scaffolds are attractive to cells?  
2) Can the technology of processing thermoplastics by micro-extrusion for         
3D plotting be expanded to thermally sensitive polymers in a reliable manner? 
 
This research investigates the production of functional scaffolds for tissue 
engineering applications, within the following boundaries: 
 The scaffolds are intended for cardiovascular application, more specifically 
arteries and heart valve leaflets;  
 The basic manufacturing technique is restricted to 3D plotting of micro-
extruded filaments; 
 The material used is limited to biodegradable thermoplastics, with a focus 
on PCL and PLA.  
It must be mentioned that tissue engineering is a very multi-disciplinary research 
field, which unites chemists, materials scientists, engineers of different specialties, 
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biologists, medical scientists and clinicians. Each from their own field of expertise, 
they contribute to the path from basic research to clinical application of tissue 
engineering. It is considered of paramount importance that they combine their 
specific knowledge for the field to advance significantly [16].  
Within this broader scope, this doctoral research focuses exclusively on the aspects 
which are relevant to the materials engineer, being the processing of thermoplastic 
polymers into functional scaffolds. The relevant topics which are therefore 
considered to be of concern for this research include:  
 The evaluation of the physicochemical and mechanical properties of the 
used polymer materials and of the resulting scaffolds; 
 Processing methods for the micro-extrusion based 3D plotting of 
thermoplastics for scaffolds; 
 Post-processing methods for the further improvement of the mechanical or 
cell-interactive properties of 3D plotted scaffolds. 
As the following tissue engineering-related topics belong to neighbouring domains, 
it is explicitly not considered within the scope of this research to: 
 develop constitutive models for the elastic-mechanical behavior of natural 
tissues, which is considered the domain of biomechanical engineers; 
 develop new materials or material modifications, which is considered the 
domain of chemists; 
 develop, conduct or evaluate cell culture experiments, which is considered 
the domain of medical scientists. 
The materials engineer finds himself in the middle of this research chain: it is his 
place to accept the materials which have been developed by the chemists and to 
process these into adequate scaffolds which can then be passed on to the medical 
scientists for in vitro evaluation. It is, however, important to maintain an open 
channel to relevant input or validation possibilities coming from the neighbouring 
scientific domains in the tissue engineering chain. As such, a research cooperation 
was indeed established with colleagues from different specialties during this 
doctoral study. These include, from Ghent University, the Polymer Chemistry and 
Biomaterials, Experimental Heart Surgery, Basic Medical Sciences and IBiTech 
groups, as well as the PMA group from KULeuven.  
Hence, in a first instance, this doctoral study is about the manufacturing and 
evaluation of scaffolds with mechanical and cell-interactive properties which make 
them suitable for use in cardiovascular tissue engineering. PCL will be used as a 
base material, as it has very good processing properties [16] and is the most flexible 
of the selected polymer class. In creating these scaffolds, it is important to emulate 
the functional (mechanical and cell-interactive) properties and not the exact structure 
of the natural tissue [13, 119-121].  
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In a second part of the study, the processing technology itself will be reviewed and 
optimized so that a broader range of thermoplastic materials (now including 
thermally sensitive polymers like PLA) may be addressed for processing with the 
micro-extrusion based 3D plotting technique.  
 
1. 8.  INNOVATIVE ASPECTS OF THIS RESEARCH 
Driven by the impact it could have on health care and patient well-being, tissue 
engineering is a fast-growing research field, with many active research groups 
throughout the world [122]. TERMIS4 123 alone counts over 3500 members [ ]. With 
this much global research activity, it is hard to avoid overlap between independent 
research groups. Nonetheless, this dissertation has treated several topics on which 
published literature is lacking or non-existent.  
 
In terms of material characterization, the following contributions to the field are 
made:  
 
i. An existing method [29, 31] for the functional evaluation of the flexural 
properties of heart valve tissue has been optimized for increased efficiency 
and reliability. Accordingly, a set of flexural mechanical properties has 
been composed for natural heart valve cusps, which may be used as a 
reference when evaluating valve cusp scaffolds for their functional 
mechanical properties; 
 
ii. While much is reported on the mechanical properties of porous PCL 
scaffolds, literature is rather scarce on the bulk mechanical properties of 
PCL itself. Some tensile properties may be retrieved from literature      
[124, 125], but no information can be found on the true bulk properties in 
flexure or compression [72]. Within this research, the tensile, compressive 
and flexural properties of PCL are determined;  
 
iii. Although much research has been conducted regarding the degradation 
mechanism of biomedical thermoplastic polymers, most of these studies 
investigate the depolymerization of these polymers at elevated 
decomposition temperatures [126-134]. The degradation behaviour of the 
polymer at processing temperatures, however, is less documented. Those 
researchers who did evaluate the degrading effect of processing 
temperatures on PLA-based polymers [135-137], report the impact of a 
                                                        
 
4 Tissue Engineering and Regenerative Medicine International Society. 
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single or multiple melt-based processing cycle(s) on the polymer. Within 
this research, the effect of heating the polymer at processing temperatures 
has been quantified in relation to the effective heating time, so that the 
impact of processing thermally sensitive polymers with batch-wise polymer 
supply systems may be estimated.   
Concerning the production technique for the manufacture or post-treatment of 
scaffolds, the following contributions to the field are noted: 
 
i. A method has been developed for the winding of micro-extruded filaments 
instead of depositing them for conventional 3D plotting, which allows the 
fabrication of flexible polymeric tubes with continuous fibres over the 
length of the tube;  
 
ii. A reliable rapid manufacturing method (Collagen Moulding) for the 
processing of collagen solutions and the creation of thin collagen leaflets as 
well as hybrid PCL/collagen scaffolds has been established. While hybrid 
scaffolds are not new [46, 47, 121], Collagen Moulding constitutes a 
previously undescribed post-treatment for 3D plotted PCL scaffolds, which 
requires little in terms of laboratory equipment and might easily be 
expanded towards application with other polymers;  
 
iii. Finally, a new dispense head (COMET) has been developed which will 
facilitate the processing of thermally sensitive thermoplastics, something 
which was not possible with the currently available 3D plotting dispense 
heads for thermoplastics. Applications for this dispense head system need 
not be limited to biomedical engineering; it could likewise be used for the 
processing of small quantities of newly developed, high-tech and/or 
expensive polymers for the assay of their processing properties. The design 
of COMET has been protected by a European patent5
 
.   
  
                                                        
 
5 EPO PCT publication number WO2011/092269 
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1. 9.  OVERVIEW OF THIS MANUSCRIPT 
Chapter 2 describes the exploratory research on the processing of thermoplastics 
with the BioScaffolder 3D plotting technology. The operation principle is explained 
in detail, with an emphasis on the meaning of the different process parameters. 
Additionally, the precision and repeatability of the system are evaluated for a first 
series of scaffolds with a variety of extrusion needles.  
 
In Chapter 3, the properties of the polymer poly-ε-caprolactone, which will be used 
for the fabrication of cardiovascular scaffolds, are evaluated. After a brief 
description of the material’s structural, biological and degradation-related 
characteristics, the physicochemical properties are investigated by differential 
scanning calorimetry. The rest of the chapter is dedicated to the determination of the 
bulk mechanical properties of the chosen polymer under tensile, compressive and 
flexural loading. 
 
The following two chapters describe the properties of the natural tissue for which 
scaffolds are researched within this work: arterial blood vessels and heart valve 
leaflets. In Chapter 4, a review is offered of the relevant anatomy, physiology and 
specific ultrastructure of arteries and (aortic) heart valve leaflets. This is 
complemented by an experimental section in which the structures are visualized by 
CT scanning of freeze-dried samples. In Chapter 5, the static elastic mechanical 
properties of the arterial wall and heart valve leaflets are investigated. For arteries, a 
review of the available literature leads to the decision to compare future scaffolds to 
the arterial wall based on the circumferential modulus of the blood vessel. For heart 
valve leaflets, a more concise literature study is complimented by experiments 
determining their flexural properties. The material properties derived in this chapter 
will be used as a reference set further on in the research, when manufacturing and 
evaluating scaffolds which must emulate the functionality of the relevant tissues.  
 
In Chapter 6, PCL scaffolds are manufactured and evaluated for the replacement of 
both arteries and heart valve leaflets. Tubes for arteries are initially 3D plotted but 
testing them in a ring-open tensile experiment shows they are too rigid. A series of 
wound tubes yields more promising results, with increased porosity and 
circumferential modulus values closer to those of natural arteries. For heart valve 
cusps, thin leaflets are produced with different filament sizes and pattern angles. 
Flexural testing demonstrates that a stiffness factor of roughly 1.3 times those of the 
natural cusp can be achieved. Also, the processing of PCL blended with poly-
(ethylene oxide) is investigated, with the aim to improve both the flexibility and the 
hydrophilicity of the polymer.  
 
A method is developed for the processing of collagen solutions into solid scaffolds 
in Chapter 7, which enables the production of hybrid PCL-collagen scaffolds. 
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Manufactured collagen leaflets display excellent cell viability qualities, but have 
insufficient mechanical properties to serve as heart valve cusps. For the hybrid 
scaffolds, it is found that the collagen top layer effectively promotes cell attachment 
and proliferation on the scaffold surface. It is also observed that the production 
protocol for these hybrid parts affects the crystallinity of the PCL polymer, thus 
increasing mechanical properties.  
 
With the possibility of making reproducible scaffolds in the thermally stable PCL 
ascertained earlier in the work, Chapter 8 goes on to assess the possibility to expand 
the use of the BioScaffolder technology towards reliable processing of thermally 
sensitive polymers like PLA. An introduction is made to PLA-based polymers for 
tissue engineering applications and the thermal properties of PLA are quantified. 
Evaluation of a manufactured series of PLA scaffolds demonstrates that the part 
reproducibility is quite poor with the conventional machine dispense head. A 
subsequent analysis of the dispense head’s thermoregulation shows that the polymer 
batch material is kept at elevated processing temperatures for extended periods of 
time during processing. As such, the impact of this so-called residence time on a 
selection of PLA-based thermoplastics is investigated. Finally, these results are 
grouped into recommendations to optimize the micro-extrusion process for 
thermally sensitive polymers.  
Following up on these results, a new dispense head (named COMET) for 
thermoplastics is developed in Chapter 9, so that thermally sensitive polymers may 
in future be processed through 3D plotting in a reliable manner. After briefly 
introducing a few exploratory designs, the configuration and attributes of COMET 
are discussed. A finite element model of the thermoregulation is made, which is 
experimentally verified by IR imaging. COMET is compared to the conventional 
dispense head for thermoplastics and the design is further validated by 3D plotting a 
series of scaffolds.  
 
Finally, Chapter 10 summarizes the key findings of this doctoral dissertation. Based 
on these conclusions, suggestions are formulated for further research on the topic.   
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Chapter 2  
 
PROPERTIES OF  THE 3D PLOTTING PROCESS 
This chapter offers a closer look at the 3D plotting technology for fabrication 
of thermoplastic scaffolds for tissue engineering. The micro-extrusion based 
processing technology and the operation principle are explained in detail, 
with an emphasis on the optimization of the process parameters. Furthermore, 
the first experimental work comprises an evaluation of the geometry of a 
series of scaffolds produced with a variety of extrusion needle sizes. 
 
2. 1.  INTRODUCTION  
The focus of this research is on the use of 3D plotting for the fabrication of polymer 
scaffolds. Figure 2-1 shows the BioScaffolder apparatus, a typical 3D plotting 
machine for biomaterial applications which is available at University College Ghent. 
In this setup, the temperature-controlled plotting table remains stationary, while the 
dispense head is mobile. The dispense head is interchangeable and different types of 
material may be processed. The software which controls xyz-movement and 
dispensing is based on CNC software.  
 
 
Figure 2-1: The BioScaffolder apparatus for 3D plotting. 
 
As little information on the processing of polymers with this BioScaffolder device 
was available at the outset of the research, this chapter is dedicated to creating a full 
understanding of the possibilities and limitations of this technology.    
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2. 2.  BIOSCAFFOLDER MACHINE 
2. 2. 1.  Operation principle 
The two main components of the system are the spatial xyz control and the dispense 
head. The positioning control unit is typically very precise and operates under CNC 
software. The dispense head is connected to the positioning unit and is responsible 
for producing a thin filament of material which can be deposited onto the plotting 
table according to the pattern described by the positioning system, thus forming a 
single layer of the scaffold. This is repeated for all the subsequent layers of the 
product, until the 3D geometry is completed. Typical values of filament size are   
100 to 500 µm, classifying this technique in the micro-range. 
The specifications of the BioScaffolder apparatus available at University College 
Ghent are summarized in Table 2-1.  
 
Table 2-1: Overview of machine specifications for the BioScaffolder machine at 
University College Ghent. 
 
Parameter Specifications  
Overall dimensions Depth 680 mm, width 800 mm, height 500 mm (ca. 50 kg) 
Operational power 220V net power 
Operational air pressure  6 – 8 bar 
Plotting air pressure Regulated in steps of 0.01 bar, up to max. connected 
pressure 
Plotting table Working range max. XYZ 200*150*90 mm³ 
Heated 0 - 100 °C 
Vacuum on/off for immobilisation of container 
Dispense head types Syringe pump (2°C – 50°C) for gels, pastes, slurries 
Auger screw system (room temperature – 250°C) for 
thermoplastics 
Dispense head places 5 
Positioning system Stepper motors, transmission by tooth belt/gear 
Positioning resolution    0.005 mm 
Overall repeatability      ± 0.025 mm 
Software control CNC based system 
Plotting Feed F 0 – 3000 mm/min 
Screw motor speed S  0 -  250  rpm 
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2. 2. 2.  Dispense heads for the BioScaffolder 
Two dispense heads are available for use with the BioScaffolder: a low-temperature 
dispense head for processing of gels & pastes and a high-temperature counterpart for 
thermoplastics. Both are connected to the positioning system by means of a 
pneumatic coupling device which at the same time transfers pressurized air and 
power from the machine frame to the dispense head.  
2. 2. 2. a.  Dispense head for gels & pastes 
The low-temperature dispense head shown in Figure 2-2 may be used for materials 
which are viscous at room temperature, such as gels, pastes, slurries or silicones. A 
10 cc syringe is filled with the material, covered with a plunger and placed inside the 
cartridge, where it is connected to the pressurized air supplied by the BioScaffolder. 
A wide range of different needles can be mounted on the outlet of the syringe, 
depending on the required filament diameter and the (lack of) surface interaction 
with the material. While the material is pushed through the needle, the machine 
moves the dispense head along its calculated NC path, thus depositing filaments of 
the materials into the layers of the construct. Alternatively the material is pushed 
down by a stepper motor-controlled plunger, which offers more precise control than 
the pressurised air system. The mantle of the dispense head is hollow and can be 
connected to a fluid circuit, allowing a limited measure of cooling or heating of the 
material during processing.  
 
 
Figure 2-2 : The BioScaffolder dispense head for gels and pastes. 
 
Within the scope of this work, the low temperature dispense head will not be used 
on the BioScaffolder apparatus, as the focus is on the processing of thermoplastics. 
It will, however, be used as part of the instrumentation for the secondary treatment 
of scaffolds in the collagen moulding experiments of Chapter 7. 
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2. 2. 2. b.  Dispense head for thermoplastics 
The high-temperature dispense head for thermoplastics is shown in Figure 2-3. The 
polymer processing path is indicated by the dashed line. The material batch is 
inserted into the steel hopper tube, which is then sealed and connected to pressurized 
air. Heating of the entire system is established by the two resistive elements shown 
in a detached position in the right enlargement of the figure. Regulated by a 
thermocouple pin, they are inserted into the steel core block during 3D plotting. 
Once the material is sufficiently heated to form a viscous melt, it is pushed into a 
guiding channel (inside the block) by the air system. The horizontal guiding channel 
leads to a vertical internal barrel system which contains a micro-extrusion setup. The 
barrel contains an extrusion screw, which is driven by the stepper motor on top of 
the red reduction unit. The progressive screw transports the material forward 
through the barrel, at the end of which an encapsulated needle is mounted. Here the 
material is extruded while the controlling xyz system moves the dispense head over 
the table, directing the deposition of the extruded filament. The section of the needle 
determines the filament diameter (FD). 
 
 
Figure 2-3 : The BioScaffolder dispense head for thermoplastics. The left detail 
shows the assembly of the internal barrel with screw and needle. The bottom right 
detail shows the dismounted heater pins and thermocouple. 
 
The size of the exchangeable extrusion needles which are mounted on the 
thermoplastics dispense head, is expressed in terms of gauge, a system which is used  
in medicine for categorizing the size of needles and catheters. It is based on the so-
called Birmingham Wire gauge scale, which can be found in standard ISO 9626: the 
assignment of size in relation to the gauge value is arbitrary, no conversion formula 
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exists.  An overview of the needle sizes used within this research is given in       
Table 2-2. These needle sizes were measured for verification of their size and found 
to be within the specification of the supplier1
 
.  
Table 2-2: Overview of the different gauge sizes and their corresponding inner 
diameters for the used extrusion needles.  
 
Gauge size  [gauge] 22 23 25 27 28 31 32 
Inner diameter  [µm] 410 330 250 200 180 127 100 
 
 
2. 2. 3.  Controls & programming 
The PrimCam controlling software is essentially a post-processor which takes input 
parameters and a product file from the user and translates these to a NC-code for the 
BioScaffolder apparatus. A 3D file of the part (STL, DXF) is loaded into the 
software where it is sliced into layers of a pre-set thickness and a tool path is 
generated for each layer. The parameters which can be programmed by the user are 
presented below in Table 2-3. It is marked whether the parameter applies to the 
dispense head for thermoplastics (TP) and/or the one for gels and pastes (GP). 
 
Table 2-3: Parameters which can be programmed for Bioscaffolder machine. 
 
parameter dimension meaning TP GP 
Corner delay 
(CD)  
[s] interval during which dispense pressure is 
turned off when approaching a corner, in 
order to avoid material concentrations 
x x 
Temperature  [°C] set temperature for heater pins in dispense 
head 
x  
Dispense 
pressure  
[bar] air pressure applied to material supply 
during plotting 
x x 
Feed Z  [mm/min] speed at which dispense head moves in 
upward/downward direction between 2 
layers 
x x 
Layer 
thickness  
(LT) 
[mm] the thickness of each individual scaffold 
layer; this is the Z-step which the dispense 
head will make between the plotting of 
consequent layers 
x x 
Meander yes/no whether or not material is deposited in bends x x 
                                                        
 
1 DL Tech, USA 
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between two neighbouring filaments 
Needle 
length 
[mm] length of the mounted extrusion needle; used 
for calibrating dispensing origin 
x x 
Outer 
contour 
yes/no option to add an outside contour to each 
layer. An offset distance for this contour can 
be entered 
x x 
Pattern 
angle 
[°] stacking angle of consecutive layers in the 
scaffold 
x x 
Plotting feed 
(F) 
[mm/min] the transversal speed (XY plane) at which 
extruded filaments are deposited 
x x 
Table 
temperature 
[°C] set temperature for plotting table x x 
Postflow [s] interval during which dispense pressure is 
applied to the material after filament 
deposition 
x x 
Preflow [s] interval during which dispense pressure is 
applied to the material prior to filament 
deposition 
x x 
Tool position 1-5 park position where dispense head may be 
retrieved and placed by the machine 
x x 
Screw 
spindle 
speed (S) 
rpm spindle speed of the stepper motor 
controlling the rotation of the extrusion 
screw, relayed by a 9:1 reduction gear 
x  
Strand 
distance 
(SD) 
[mm] distance between centreline of two 
neighbouring filaments in the scaffold 
x x 
 
The “meander” and “contour” options are illustrated in Figure 2-4. When the 
meander option is disabled, the dispense head will shortly go up and stop dispensing 
material between the end of one strand and the beginning of the next one. With the 
meander option activated, it will instead continue depositing material between the 
two parallel filaments, resulting in a continuous fibre throughout the layer. Using the 
meander option is usually preferred; the viscosity of the extruded polymer will often 
cause some extra material to be drawn out of the extrusion needle during the 
upwards movement of the dispense head, leading to undesired material residue as 
shown in Figure 2-4(e), which is a close-up of Figure 2-4(a). The contour setting 
offers the possibility to add an additional outer contour to each layer in the scaffold, 
resulting in a closed outer skin.  
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Figure 2-4: Scaffolds with different meander and contour options.  (a) no meander, 
no contour, (b) meander, no contour, (c) no meander, contour, (d) meander and 
contour and (e) an enlargement of the scaffold in (a). All scale bars are 1mm.  
 
After the user has programmed these parameters into the PrimCam interface, the 
post-processing software will create an NC program which will make a scaffold with 
the macro-geometry of the loaded CAD file, composed of individual layers with a 
layer thickness LT, porosity determined by the strand distance SD and a sequential 
stacking orientation according to the pattern angle.  
Alternatively, it is possible to write a user-specific NC-coded program and load this 
into the controlling software. This will be done for the winding of tubes in     
Chapter 6.   
 
2. 2. 4.  Optimizing a processing parameter set 
Every polymer has its specific processing-related material properties and will as 
such require a distinct set of processing parameters.   
The filament diameter FD [µm] is not set by the user, but it depends on the size of 
the mounted extrusion needle; plotting feed F should be adjusted so that regular 
filaments with FD equalling the inner diameter ID of the extrusion needle are 
deposited. This is considered to be the optimal F/FD relation. It is possible to 
influence FD by increasing or decreasing F away from this optimal relation, 
resulting in a thinner or thicker filament respectively. Deviating too far from optimal 
F/FD however, will result in irregular filaments, as can be seen in Figure 2-5(a) and 
(b). For most extrusion needles, a good  F/FD ratio will vary between 0.4 and 1.  
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Figure 2-5: Irregular filaments caused by inadequate F/FD rate for PCL scaffolds. 
 
Up to a certain degree, settings for F are interchangeable with those of screw motor 
speed S. A higher S will lead to a greater material output and – with unchanged F – 
to thicker or even blotched filaments, while a lower S will likewise yield lower 
material output and finer filaments. As a general rule, S and F should be 
proportionate to one another so that a regular filament with a diameter of FD equal 
to the ID of the used extrusion needle is achieved.  
 
By setting the strand distance SD, the scaffold porosity is regulated. SD is defined as 
the distance between the centrelines of two neighbouring filaments in the scaffold. 
On the condition that the filaments have a regular shape, SD can also be translated to 
the distance between the left (or right) edges of two neighbouring filaments, as is 
shown in Figure 2-6. As SD includes the width of a single filament, the resulting 
porosity size PS thus becomes: PS = SD-FD.  
 
 
Figure 2-6: Filament FD and strand distance SD indicated on a scaffold layer.  
 
The value of SD should not be set below FD; this would result in overlap of 
filaments and a concentration of excess material. Neither should SD be set too high 
since this will cause the collapse of filaments into the oversized porosity of the layer 
below, thus occluding the scaffold’s pores. An example of this is shown in       
Figure 2-7(a). As a practical guideline observed by the author, SD should not exceed 
2*FD.  
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The layer thickness LT should be set so that the layers of the scaffold are attached to 
the previous layer without disturbing it; an exaggerated LT will result in non-
connected scaffold layers and may as such cause delamination of the scaffold whilst 
an insufficient LT will lead to irregular scaffolds with local material excesses. An 
example of a delaminated scaffold is shown in Figure 2-7(b). As a rule-of-thumb, 
the value LT=FD-20 µm is applied for all filament sizes.  
 
 
Figure 2-7: (a) Scaffold where filaments have collapsed and (b) delaminated top 
layer of a scaffold.  
 
Corner delay CD is used to avoid material concentrations in the U-shaped corners 
connecting two neighbouring filaments under the “meander ON” setting by 
temporarily delaying material extrusion. It describes a short interval of time prior to 
reaching the corner during which S is reduced to zero and no material is dispensed. 
A scaffold layer made with insufficient CD will display excess material 
concentrations as shown in Figure 2-8.  
 
 
Figure 2-8: A scaffold layer with excessive material amounts in the corners. 
 
Finally, an important processing parameter is the temperature Tpr at which the 
polymer material is processed. Tpr should be above melting temperature Tm for 
semi-crystalline polymers or above the glass transition temperature Tg for 
 Micro-Extrusion of Thermoplastics for 3D Plotting 
 
 42 
amorphous materials. It should be chosen so that the polymer presents a viscous 
melt which can be extruded by the screw and needle without difficulty. One should 
take care however, not to set Tpr
 
 too high, to avoid either unwanted polymer leakage 
from the needle or material degradation.  
The user-defined parameters mentioned above form the parameter set exclusive to a 
single combination polymer-needle. They must be fine-tuned experimentally by 
evaluating a manufactured scaffold which is made by a certain parameter set and by 
subsequently altering specific settings until a satisfactory result is obtained. A good 
scaffold: 
 sports continuous, regular and smooth individual filaments, with little to no 
variation in FD, which is equal to the needle ID; 
 has the pre-set porosity, reflected in a correct SD; 
 does not contain excess material concentrations; 
 does not contain filaments which have collapsed into the underlying 
porosity; 
 retains its dimensions throughout the scaffold height; 
 does not delaminate; consecutive layers should be solidly connected to one 
another. 
The smaller the needle ID, the harder it becomes to achieve such a high-quality 
scaffold.  
A well-produced scaffold is shown in Figure 2-9, while a final example of a poor 
scaffold (diameter decreases with height) is shown Figure 2-10, next to an adequate 
counterpart.  
 
 
Figure 2-9: (a) Example of a scaffold that is considered of good quality; the 
enlargement in (b) illustrates regular filaments and porosity.  
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Figure 2-10: Two cylinder scaffolds of which the right one is a well-made one that 
retains it circular size over the scaffold height and the left one does not.  
 
2. 3.  EVALUATION OF THE PRODUCTION PROCESS 
A predictable and regular scaffold geometry constitutes a large portion of the criteria 
for an adequate scaffold. In order to investigate the reliability of the 3D plotting 
technique of the BioScaffolder machine concerning geometry and spatial precision, 
a large batch of scaffolds with different extrusion needles is manufactured and 
evaluated. The geometrical parameters FD and SD are measured, the resulting 
values of which are named FDm and SDm respectively. They are then compared to 
their set values FDset (= ID of the needle) and SDset
 
. The processing parameters are 
kept identical between scaffold series where possible: the processing temperature for 
example, is independent of ID and is constant for all series. Of the two 
interchangeable parameters F and S, S is kept constant while F is adapted conform 
to the aforementioned principles of parameter optimization to obtain a good FD.  
2. 3. 1.  Sample production 
A total of twelve different square scaffold series were realised in poly-ε-
caprolactone (PCL) CAPA 65002, the material which will be used for the 
manufacture of scaffolds in Chapter 6. Three parts are produced per scaffold type. 
The material has a melting temperature Tm of 60°C and a weight-averaged 
molecular weight Mw
                                                        
 
2 PerStorp, UK 
 of 84500 Da (the properties of the polymer will be discussed 
in detail in Chapter 3). All scaffolds have the outer dimensions 12 mm x 12 mm and 
consist of four layers. Six different needle sizes were used and for each of these two 
different layer orientation sequences were possible: 0°/90°/0°/90° and 0°/45°/90°/-
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45°. These are called the 90° and 45° stacking sequences, referring to the pattern 
angle shift between each layer. Examples of both stacking sequences are shown in 
Figure 2-11. These series are labelled as “XXgYY”, with XX the needle size 
[gauge] and YY the stacking pattern angle (e.g. 25g90 is a scaffold produced with 
25g needle and the 0°/90°/0°/90° stacking sequence).  
 
 
Figure 2-11: The produced scaffold types include (a) a 0°/90°/0°/90°  and (b) 
0°/45°/90°/-45° stacking sequence. Scale bars shown are 1mm and the arrows 
indicate the 0° plotting direction.   
 
The spindle speed S was kept constant at 200 rpm and the dispense head temperature 
at 110°C. For every scaffold LT and SD were set as follows: LTset = FDset – 20 µm 
and SDset = 1.8*FDset
Table 2-4
. For each filament size, which corresponds to the ID of the 
needle,  the speed F was then adapted empirically to obtain regular porous scaffolds; 
a summary of the parameters is listed per needle type in . Once a 
satisfactory parameter set was obtained, three scaffolds were produced per series 
without changing any settings. 
 
Table 2-4: Processing parameters for the geometrical control of scaffold series. 
 
FDset [µm]   410 330 250 200 180 127 
needle  [gauge] 22 23 25 27 28 31 
F  [mm/min] 200 200 160 120 80 220 
LT [µm] 390 310 230 180 160 107 
SD [µm] set 738 600 450 360 324 230 
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The scaffold macro-geometry was inspected with a magnification of 10x on a 3D 
microscope3. Regularity of filaments was inspected with the same magnifications 
used for the measurements: FDm and SDm were measured with magnification 100x 
for scaffolds with FDset sizes 410 µm, 330 µm and 250 µm and magnification 200x 
for FDset sizes 200 µm, 180 µm and 127 µm. SDm
Figure 2-6
 was translated to the distance 
between the left edges of two neighbouring filaments as illustrated previously in 
. The measurements were done in five random locations on the scaffold 
surface and this for all three scaffolds per series; the results were averaged. The data 
processing and statistics were done with SPSS16 software4
  
.  
2. 3. 2.  Macro-geometry of manufactured scaffolds 
An overview of the macro-geometry of the different scaffold series is given in 
Figure 2-12. Scaffolds are presented in order of decreasing needle ID, with the    
45°-stacked scaffold above the 90°-stacked one. Each time, a picture of the entire 
scaffold is shown, as well as an enlargement which offers a closer look at the 
individual polymer filaments. Upon visual inspection, all scaffolds appear to be 
regular and without excess material concentrations. No filaments have collapsed or 
delaminated. The individual filaments are shown to be smooth and regular.  
A pairing of filaments seems to occur for the finer needle ID’s, where polymer 
strands lie closer together two-by-two, suggesting unequal SD values. This is further 
investigated when verifying the SD distances.  
 
                                                        
 
3 Keyence VHX 500 (Keyence, Belgium) 
4 IBM, Belgium 
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Figure 2-12: Visual inspection of macro-geometry of all manufactured scaffold 
series. Scale bars shown are all 1 mm in the images of complete scaffolds and 250 
µm in the enlargements.  
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2. 3. 3.  FD and SD measurements 
Table 2-5 gives an overview of the measurements for FDm and SDm, with their 
mean value and standard deviation per scaffold series. The FD and SD results will 
be considered separately in the next paragraphs. The proximity of the FDm value to 
FDset is a measure of the used process parameter set’s ability to match FD to the 
extrusion needle ID. The variation of measured values within a single scaffold series 
on the other hand, relates to the repeatability and reliability of the machine’s 
production process. The matching of SDm to SDset
 
  gives insight into the spatial 
precision of the BioScaffolder apparatus as the location where a filament is 
deposited is regulated by the machine’s stepper motors.  
Table 2-5: Results of the geometrical control on the manufactured scaffolds. 
 
 
 
series 
FD
 
set 
[µm] 
FD
mean 
m 
[µm] 
 
stdev 
[µm] 
 
 
[%] 
SD
 
set 
[µm] 
SD
mean 
m 
[µm] 
 
stdev 
[µm] 
 
 
[%] 
22g45 410 407 14 3.4 738 731 45 6.2 
22g90 410 417 16 3.9 738 732 22 2.9 
23g45 330 347 9 2.5 600 607 107 17.6 
23g90 330 345 11 3.2 600 539 23 4.3 
25g45 250 266 8 3.0 450 445 70 15.7 
25g90 250 261 8 3.2 450 447 9 2.0 
27g45 200 195 5 2.7 360 365 40 10.9 
27g90 200 199 7 3.7 360 367 3 0.8 
28g45 180 177 6 3.4 324 330 61 18.5 
28g90 180 177 7 3.8 324 338 10 3.1 
31g45 127 130 4 3.0 230 236 57 24.2 
31g90 127 146 6 4.1 230 238 7 2.9 
 
2. 3. 3. a.  FD results 
Figure 2-13 displays the distribution of the FDm results (for each of the three 
manufactured scaffolds per scaffold type) in a box plot, which shows the median 
value with the lower and upper quartile, as well as the edges of the standard 
deviation. Dot and star symbols indicate weak and strong outliers respectively. The 
dashed lines have been added to indicate the different FDset  values. The magnitude 
of the variation on FDm increases with rising FDset
Table 2-5
, but normalizing them to their 
mean value, as was done in , shows that the standard deviation remains 
between 2.5 and 4.1% . At first sight, the results for the 45°- to the 90°-patterned 
series are quite similar.    
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Figure 2-13: FDm results for all 3 scaffolds per series. Dashed lines indicate values 
of FDset
 
. 
An independent sample t-test with a significance level of p < 0.05 demonstrated that 
there is no significant difference between the FDm results when comparing the 45°- 
to the 90°-patterned series (p = 0.077 for 22g; p = 0.673 for 23g; p = 0.080 for 25g; 
p = 0.134 for 27g; p = 0.647 for 28g), with the exception of the 31g series               
(p = 0.000). Therefore it is decided to group the results per FDset
Table 2-6
, disregarding 
stacking pattern, except for the 31g series where the distinction continues to be 
made. This is done in , where the mean value of FDm is given per FDset, as 
well as the deviation (both in magnitude and percentage) of FDm from FDset
 
.  
Table 2-6: FDm
 
 results summary after grouping. 
series FD
 
set 
[µm] 
FD
 
m 
[µm] 
deviation (𝐹𝐹𝐹𝐹𝑚𝑚 − 𝐹𝐹𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠 ) 
[µm] 
deviation (FDm − FDset )FDset  
% 
31g45 127 130 3 2.4 
31g90 127 146 19 15.1 
28g 180 177 3 1.6 
27g 200 197 3 1.6 
25g 250 263 13 5.4 
23g 330 346 16 4.9 
22g 410 412 2 0.4 
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With the exception of the 31g90 scaffolds, all series can boast an averaged FDm 
within a 5.5% margin of their FDset
Table 2-5
. Therefore, it may be concluded that the process 
parameter sets used for scaffold fabrication were adequate. Additionally,  
shows that for all of these mean FDm values, the standard deviation remains below 
5%, demonstrating that the performance repeatability of that apparatus regarding 
filament output remains within an acceptable FDmean
Regarding the large deviation of the 31g90 scaffolds, it is quite peculiar that an 
identical parameter set will yield an FD of 130 ± 4 µm for the 31g45 series and at 
the same time a notably larger 146 ± 6 µm for the 31g90 series. This phenomenon 
will be further discussed together with the SD results.  
 ± 5%.  
 
2. 3. 3. b.  SD results 
Figure 2-14 displays a boxplot of the SDm results for each of the three manufactured 
scaffolds per scaffold type. Dashed lines indicate the different SDset values. All 
intervals of recorded SDm encompass their SDset, yet the 45°-stack displays a 
remarkably large variation on the measured values when compared to the 90°-stack 
for every scaffold series. The SDm intervals appear to be intersected by their 
respective SDset
 
 more or less through the middle.  
Figure 2-14: Overview of SD results per scaffold series. 
 
An independent sample t-test with a significance level of 0.05 demonstrated that 
there is no significant difference between the SDm results when comparing the 45°- 
to the 90°-patterned series (p = 0.931 for 22g; p = 0.420 for 23g; p = 0.951 for 25g; 
p = 0.889 for 27g; p = 0.637 for 28g and p = 0.909 for 31g). There is such a large 
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dispersion of the measured results for the 45°-stack, however, that it may be 
questioned whether this may be considered a valid comparison.  
In Table 2-7, results are grouped and the mean value of SDm is compared to SDset  
for each needle ID as was done for FD.  In agreement with the FD results, 31g45 
and 31g90 are considered separately. The table is completed by a repetition of the 
standard deviation on mean SDm
 
. 
Table 2-7: Grouping of results for SD and comparison between mean SDm and 
SDset
 
. 
series SD
 
set 
 
[µm] 
SD
 
m 
 
[µm] 
deviation 
(SDm-SDset
 
) 
[µm] 
deviation (SDm − SDset )SDset  
 
% 
stdev 
 
 
[µm] 
stdev 
 
 
% 
31g45 230 236 6 2.6 57 24.2 
31g90 230 238 8 3.5 7 2.9 
28g 324 334 10 3.0 43 12.9 
27g 360 366 6 1.7 28 7.6 
25g 450 446 4 0.9 49 11.0 
23g 600 596 4 0.7 77 12.9 
22g 738 731 7 0.9 35 4.8 
 
Even though the mean value of SDm remains well within 5% deviation from SDset, 
the standard deviation on this mean value is well over 10% in most cases, amounting 
even to 24% for the 31g45 scaffolds. As such, the numerical data suggest a large yet 
even spread of the measurement results around the SDset Figure 2-15 value. In  and 
Figure 2-16, the individual SD measurement of the 45°- and 90°-stack scaffolds 
respectively are set out separately in a scatter plot. The dashed lines indicate the 
consecutive SDset marks. It is clear from the graph that within the 45°-stacked series, 
two distinct non-overlapping groups of measured SD values were recorded: one well 
above SDset and the other well beneath. This is not the case for the 90°-stacked 
series.  
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Figure 2-15: Scatterplot of the individual SD measurement of the 45°-stacked 
scaffolds. 
 
 
Figure 2-16:  Scatterplot of the individual SD measurement of the 90°-stacked 
scaffolds. 
 
This information is now considered alongside the enlarged micrographs 
(magnification 100x for coarser and 200x for finer scaffolds) of the measured 
scaffolds. A selection of these images is presented in Figure 2-17, which shows 
close-ups of both scaffold stacking orientation types for the 22g (largest FD), 28g 
(second-finest FD) and 31g (finest FD) scaffolds. Within the 45°-stacked parts, it 
may be seen that individual filaments appear paired so that two neighbours are 
closer to another, with a larger distance to the next pair. Whilst hardly noticeable for 
the coarser scaffolds, the effect becomes more pronounced as the FD diminishes. 
For the finer scaffolds, this phenomenon is also noted in the 90°-stacked scaffolds: 
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this is not so much evident in the top layer, but the underlying 3rd
 
 layer can be seen 
to manifest this pairing of filaments: slightly in the 28g scaffold and quite 
pronounced in the 31g scaffold.  
 
Figure 2-17: Enlarged images of selection of scaffold series, showing the 90°-stack 
in the top row and the 45°-stack in the bottom row. From left to right: 22g, 28g and 
31g series. All scale bars are 250 µm and the arrows indicate the plotting direction 
of the top layer.  
 
The reason for this phenomenon can be found with the gear belt transmission for 
stepper motor regulation of the XY movement of the dispense head. The stepper 
motors actuate the gear belts of the XY movement in small discrete steps, meaning 
that if a desired position does not correspond exactly to a multiple of the step size 
realized by the gear belt, the resulting positioning will be slightly off. Initially, the 
dispense head placement will overshoot the intended position, which is then 
compensated in the next movement. This leads to SD distances which are alternating 
between too large and too small, with the sum of the two amounting to twice the 
SDset
The smaller the required SD becomes, the greater the impact of this overshoot and 
compensation system, since the nearest multiple of the motor step is likely to be 
further away. The effect is larger for layers deposited under a 45° orientation, since 
the dispense head must move in both X (the 0° orientation) and Y (the 90° 
orientation) direction to deposit these strands, accumulating the positioning error 
from both machine axes. Evaluation of all scaffolds demonstrate that this overshoot 
is larger for filaments deposited in the X-oriented layer, where the SD step is made 
alongside the Y-axis. There is no immediate explanation for this alleged preferential 
direction for machine precision; neither could the machine supplier provide a 
satisfactory solution after examining the evidence here presented. The gear belts 
regulating the transmission from the stepper motor to the XY movement of the 
dispense head were checked and tightened, but this did not affect performance. The 
BioScaffolder’s machine specifications claim a spatial resolution of 5 µm and a 
, so that the average SD is in fact correct.  
Chapter 2 Properties of  the 3D Plotting Process 
 
 53 
repeatability of ± 25 µm. Dimensions of SD remain within this ± 25 µm range for all 
manufactured scaffolds, with the exception of the 31g series. 
Concerning the 31g scaffold series, which have the smallest FD in our experiments, 
the strong expression of the filament pairing may offer an explanation for the earlier 
determined difference in FDm
Figure 2-18
 between the 45°-stacked and the 90°-stacked 
scaffolds. The process parameter set used for the 31g series actually results in 
oversized filaments of 146 ± 6 µm , as measured for the 31g90 scaffolds. The 
positioning overshoot in the 45° or -45° layers, however, tends to stretch the 
polymer strand as it is extruded, effectively reducing the FD. This is verified by 
measuring the filaments in the third scaffold layer (orientation 90°) instead of the 
top layer (oriented -45°) for a 31g45 scaffold as shown in . Measurement 
of three random filaments yields FDm
 
 = 146 ± 5 µm.  
 
Figure 2-18: Comparison of SD measurements between top and 3rd
 
 layer (= second 
layer seen from the top) in a 31g45 scaffold.  
Considering these irregularities, it may be decided that working with these fine 31g 
needles, the machine’s lower boundaries of acceptable FD for producing a 
predictable and regular scaffold are reached. It is in fact possible to produce parts 
with even smaller needle ID, but the pairing of filaments only becomes stronger and 
FD is harder to control. A micrograph of a trial with a 32g needle (ID = 100 µm) is 
added in Figure 2-19 by means of illustration. Insert in the upper left corner show 
the entire scaffold and the main micrograph a close-up of the layer structure. Pairing 
of filaments may be observed, especially in the layer just beneath the top layer.  
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Figure 2-19: A trial scaffold manufactured with 32g needle. Complete scaffold in 
top left insert and enlargement of structure in main micrograph. Scale bar is 250µm. 
 
If a scaffold application would not require a constant SD per se as much as an 
overall homogeneous porosity, working with these finer needles poses no problem. 
Within the scope of the current research, geometrical regularity of the scaffold is 
considered an important criterion. As such, extrusion needles of size 32g and smaller 
shall not be used for scaffold production with the BioScaffolder device within this 
work.  
 
2. 4.  CONCLUSIONS  
Overall, the BioScaffolder apparatus is capable of producing (and reproducing) 
porous, regular and predictable scaffold geometries in a PCL polymer.  
The filament diameter can be regulated by fine-tuning the process parameter set to 
match the extrusion needle ID within a margin of 5%. The mean SD equally 
matches its set value within a close range (deviation < 3% from SDset
 
). However, it 
must be noted that for smaller needle ID, a pairing of filaments occurs, forming the 
layer with alternating too large and too small SD values. The effect is distinctly 
more pronounced for layers under a ± 45° orientation than under a 0° or 90° 
orientation, which coincide with the machine’s coordinate axes.  
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Chapter 3  
 
CHARACTERIZATION OF POLY-ε-CAPROLACTONE 
This chapter describes the properties of the polymer poly-ε-caprolactone, 
which will be used for the fabrication of scaffolds for arteries and heart valve 
leaflets. After a brief introduction, the physicochemical properties are 
investigated by differential scanning calorimetry. The bulk mechanical 
properties of the chosen polymer are then investigated in tension, bending and 
compression. Finally, a concise assessment of the polymer’s biological 
properties is made.   
 
3. 1.  INTRODUCTION 
Poly-ε-caprolactone (PCL) is a thermoplastic semi-crystalline aliphatic polyester. It 
can be obtained through ring-opening polymerization of ε-caprolactone [1], as 
shown in Figure 3-1. The reaction takes place under the influence of catalysts and 
added heat.  
 
 
Figure 3-1: The ring-opening polymerization of PCL.  
 
The polymer contains an ester linkage which is hydrolytically unstable [2, 3], 
allowing for a breakdown into caproic acid, which is well-tolerated by the human 
body [4]. PCL is selected as a base material for scaffolds within this research 
because it: 
 is relatively flexible in comparison to PLA and PGA and as such is 
considered more suitable for use with scaffolds for cardiovascular  
application [5]; 
 displays very good thermal stability. Its degradation temperature is situated 
in the range of 280 to 330°C [6], which makes it very suitable for use with 
a melt processing technique like the micro-extrusion for 3D plotting 
proposed within this work; 
 is FDA-approved; it is considered to be compatible with both hard and soft 
tissues [7-31] and will degrade slowly in the human body over a period of 
24 to 36 months [3, 10, 32]; 
 is relatively cheap. 
 Micro-Extrusion of Thermoplastics for 3D Plotting of Scaffolds 
 
 56 
The main disadvantage of PCL is the strongly hydrophobic nature of its surface   
[33-35], which will render it less attractive for cells to attach themselves.  
 
The PCL material which will be used in this research is PCL CAPA 6500 from 
Perstorp (UK). The manufacturer reports a weight-averaged molecular weight (Mw
 
) 
of 84500 Da, a polydispersity of 1.78 and a maximum crystalline fraction of 56%.  
While much is reported on the mechanical properties of porous PCL scaffolds, 
literature is rather scarce on the bulk mechanical properties of PCL itself. Some 
tensile properties may be retrieved from literature [20, 36], but no information can 
be found on the true bulk properties in flexure or compression, a fact which has been 
noted also by Das and coworkers [7]. The lack of published data on the compressive 
properties of PCL seems odd, since much research is done on the compressive 
strength of PCL scaffolds which are used for bone tissue replacement [7-12, 37]. 
Some researchers investigating scaffolds consider non-porous parts made with their 
scaffold production technique to be representative of the bulk mechanical properties. 
Cahill et al. reported a tensile modulus of 47 ± 5 MPa for sintered dog-bones [37], 
while Shor et al. reported a compressive modulus of 109 ± 2.3 MPa for a non-porous 
3D-plotted part [11]. These values are so far removed from the bulk properties 
derived from both the experiments in this chapter and the manufacturer’s that their 
worth as a “bulk mechanical property” is at least questionable.  
 
Within this chapter, the physicochemical and mechanical properties of bulk PCL are 
investigated. In closing, the biological surface-interaction properties of the polymer 
are also briefly considered, since these will be relevant to the cell-interactive 
qualities of PCL scaffolds.  
 
3. 2.  PCL PHYSICOCHEMICAL CHARACTERIZATION 
In this section, the temperature-bound transformations which take place in the PCL 
thermoplastic are investigated.  
3. 2. 1.  Transitions in a semi-crystalline polymer 
Three important transformations occur in a semi-crystalline polymer during heating: 
the glass transition, (re)crystallization and melting. They are characterized by 
differential scanning calorimetry (DSC) and can be related to the mechanical 
behaviour of the polymer via the storage modulus as shown in Figure 3-2.  
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Figure 3-2: Relation between transformation temperatures and modulus for a PCL 
(the line G0PC100) [38]. . 
 
Upon reaching the glass transition temperature Tg 
39
at around -50°C, chain mobility is 
increased in the amorphous fraction of the solid polymer structure by means of 
sliding and rotation of the side groups, which is now possible [ , 40]. The material 
transforms from rigid to a more flexible leather-like state, which can be expressed as 
a drop in the modulus and the structural integrity above Tg is now maintained solely 
by the crystalline fraction. For many polymers, Tg
The crystalline fraction may be enlarged upon passing the crystallization 
temperature T
 is below room temperature or 
even below 0°C, which means that they are in the leathery state at their service 
temperature.  
c
39
. Polymer chains re-orient into chain-folded lamellar crystallites    
[ , 40], increasing the crystalline structure. Existing crystalline regions are used as 
nucleation sites. The effect of recrystallization is expressed by a brief rise in 
modulus before the melting sets in. This does not occur in Figure 3-2, meaning that 
the polymer used in this example had reached its maximal crystalline fraction prior 
to the heating cycle.  
Finally, the crystalline bonds will be broken during melting at melt temperature Tm
Figure 3-2
. 
The polymer enters the fluid state, albeit in a very viscous form. Mechanical 
integrity is lost, as can be observed by the final drop in modulus between 50 and 
60°C in . 
 
During cooling, solidification from the melt is achieved by the ordered formation of 
the crystalline fraction. Polymers usually supercool about 10 to 20°C before 
crystallization sets in, due to the extra free energy which is required to align the 
polymer chain segments in the melt phase [40]. Upon further cooling and passing of 
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Tg
In the DSC curve, glass transition is observed as a step-change in the energy level 
baseline. Melting is a endothermal reaction and (re)crystallization is exothermal, as 
order is increased in the material structure by this transformation.  
, the mobility of the amorphous fraction will be reduced again and the brittle state 
of the polymer is obtained once more. 
 
3. 2. 2.  Methods 
The different transformation temperatures were determined for PCL1 through a 
DSC2 experiment, under a protective N2
For this experiment, 21.3 mg of PCL granulate was cooled rapidly to -110°C, where 
it was kept isothermally for ten minutes so that the baseline of the DSC signal could 
stabilize. The material was then heated to 120°C at a rate of 10 K/min, after which it 
was cooled again at the same rate to -110°C.  
 atmosphere and using open aluminium 
pans. Cooling below 0°C was realized with a liquid nitrogen gas flow.  
 
3. 2. 3.  Results  
The DSC analysis of the different transformations is shown in Figure 3-3. The glass 
transition is situated well below zero, at -64.6°C, which explains the material’s more 
flexible properties at ambient temperatures. No recrystallization is observed during 
heating, indicating that either the full crystallization potential of the material had 
been realized in the unprocessed granulate or the heating rate is too high to allow for 
the necessary arrangement of the polymer chain. No recrystallization temperature is 
indicated on the manufacturer’s datasheet either [41], implying that indeed 
recrystallization does not take place.  
Melting of the crystalline fraction sets in at 48.9°C and peaks at 59.6°C. The melting 
enthalpy amounts to 75.77 J/g. For a theoretically 100% crystalline PCL, an 
enthalpy value of 136 to 142 J/g has been reported in literature [8, 14, 20, 42].  The 
most recent of these studies, by Fukushima et al. [14], treated the same material 
which is considered here (PCL CAPA 6500); as such, the enthalpy value of 142 J/g 
is used for melting of 100% crystalline PCL.   
Thus an effective crystallinity amount of 53.4% is deduced for the granulate 
material prior to the thermal cycle of the DSC analysis.  
 
                                                        
 
1 PCL CAPA 6500 (Perstorp, UK). 
2 conducted with a DSC 204 F1 apparatus (Netzsch, Germany) and analyzed with 
TA software (TA Instruments, Belgium). 
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Figure 3-3: Transition temperatures for PCL CAPA 6500. 
 
The Tg
During the cooling cycle, crystallization sets in at 26.6°C and peaks at 16.8°C . The 
crystallization enthalpy amounts to 78.63 J/g, entailing a crystallinity amount of 
55.4% for the PCL material after the completed thermal cycle. This value 
approaches the maximum crystallinity reported by the manufacturer (56%) [
 is situated only a little lower during cooling than during heating, at -65.7 °C; 
as this transformation does not involve a rearrangement of the polymer chain, it will 
require only a slight amount of undercooling to initiate.  
41].  
 
All of the resulting transformation temperatures are summarized in Table 3-1, where 
they are compared to the values of the manufacturer’s data sheet for the polymer.  
 
Table 3-1: Overview of the transformation temperatures for PCL. 
 
transition temperature [°C] 
experimental 
temperature [°C] 
data sheet 
Glass transition (T↑) -64.6 -60 
Recrystallization  (T↑) - - 
Melting  (T↑) 59.6 60-62 
Crystallization  (T↓) 16.8 25°C* 
 
The value of 25°C (marked with *) for Tc
 
 specified by Perstorp is not accompanied 
by specifications of the temperature regime under which it was determined nor 
details about whether this is the onset or peak temperature.  It is assumed that this is 
the onset temperature for a cooling rate of 10 K/min, as this value is 26.6°C in the 
current experiment. The fact that crystallization can occur around the region of 
ambient temperatures is something to take into account when storing PCL parts.  
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3. 3.  PCL BULK MECHANICAL PROPERTIES 
The bulk mechanical properties of the PCL material used for scaffold production in 
this research are investigated. These properties may be used to compare the polymer 
to other scaffold materials used for tissue engineering and – in future – to create 
finite element models of the scaffolds so as to predict their behaviour under loading 
conditions. 
 
3. 3. 1.  Materials & methods 
3. 3. 1. a.  
The specimens for the evaluation of the mechanical properties were injection 
moulded in PCL
Preparation of test specimens 
3 on a 800 kN injection machine4
Table 3-2
 with a 30 mm injection screw. 
Three different parts were manufactured in a single multi-cavity mould, using the 
processing parameters as listed in . These parameters were obtained 
through a so-called “short shot” start up procedure, in which the switchover point 
from injection to holding pressure is determined based upon the gradual filling of 
the cavity and the holding time is selected via the gradual elimination of sink marks.  
The different specimens include a dog-bone geometry for tensile testing, a 
rectangular bar for flexural testing and a square plate for compression testing.  
 
Table 3-2: Injection moulding process parameters for the test specimens.  
 
parameter value 
Dosage length 82 mm 
Dosage speed 160 rpm 
Decompression before dosage 1 mm 
Decompression after dosage 5 mm 
Injection speed 60 mm/s 
Injection pressure 145 bar 
Switchover point injection-holding 8 mm 
Holding pressure 20 bar 
Holding time 3 s 
Cooling time 60s 
Mould temperature 20°C 
Injection nozzle temperature 90°C 
Barrel temperature zones 70-70-50 °C 
 
                                                        
 
3 CAPA 6500 (Perstorp, UK) 
4 Engel, Austria 
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The dimensions of the relevant mould cavities are listed in Table 3-3. It is noted that 
(i) the dimensions of the moulded parts will be smaller due to shrinkage of the 
polymer upon cooling and (ii) these dimensions do not match exactly those specified 
in the relevant standards, which are listed in Table 3-4.  
For the determination of the mechanical properties, all calculations were based on 
the measured actual dimensions of the specimens. 
 
Table 3-3: Dimensions of the injection moulded parts. 
 
 
Fifty injection runs were performed, from which parts were then selected as test 
specimens based on a visual inspection of their dimensions and moulding quality.  
3. 3. 1. b.  Test protocols 
All experiments were performed on a tensile testing machine5 and the data 
acquisition was realized with LABVIEW6
The protocols used for the determination of the mechanical properties of PCL are 
summarized in 
 software. For all experiments, three 
specimens were tested and their results were averaged.  
Table 3-4, with a reference to the relevant ASTM standards [43-45].  
 
                                                        
 
5 INSTRON 5800R, at Ghent University 
6 National Instruments, Belgium 
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Table 3-4: Protocols for evaluation of mechanical properties . 
 
 
For the determination of ultimate tensile strength σmax,t , strain at break εmax,t and 
yield strength σy,t
For the determination of the tensile modulus E
, a load cell of 1 kN was used. The dog-bone specimens were 
loaded in tensile strain at a rate of 100 mm/min until failure. The large strains 
observed for PCL prevented the use of extensometers; maximum strain was hence 
derived from the crosshead’s movement on the machine frame. Although strain 
values derived in this manner are not entirely accurate due to the deformation of the 
tensile tester itself, these deformations are considered negligible compared to the 
large strain values obtained by the PCL material. Any possible slipping of the 
specimen within the clamping claws was likewise considered negligible.  
t, the same load cell of 1 kN was 
used. An extensometer7 was used to measure the strain εxx. The extensometer was 
used with a range of 1 mm travel over 10 mm, resulting in a maximum measured 
strain of 10% and Et
Figure 3-4
 was determined as the slope of the linear part of the stress-
strain curve, in the range of zero to 1% strain. The mounting of the tensile specimen, 
with the extensometer, is shown in . 
 
                                                        
 
7 INSTRON catalogue nr. 2620-603 (INSTRON, Belgium) 
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Figure 3-4: Mounting of the tensile specimen with extensometer.  
 
For the determination of flexural modulus Eflex
(r = 5mm) bar up to a maximum deflection of 6.4 mm, at a rate of 2 mm/min and 
E
, the same a load cell of 1 kN was 
used. The specimens were mounted in a 3-point bending setup, resting on two 
rounded supports (r = 1mm) with a support span length of 48 mm between them. In 
accordance with the standard, the test samples were indented with a rounded  
flex
𝐸𝐸𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =  𝐿𝐿3∙𝑚𝑚𝑓𝑓4∙𝑏𝑏 ∙𝑑𝑑3  [𝑀𝑀𝑀𝑀𝑀𝑀]     (3.1)  was calculated as:  
with: 
 L the support span length [mm]; 
 mf 
 b the beam width [mm]; 
the slope of the load/deflection curve between the limits of 0 and 20N 
[N/mm]; 
 d the beam thickness [mm].  
For the determination of the compressive modulus, a load cell of 100 kN was used. 
Given the limited thickness of the samples, a relatively slow compression speed of 
0.5 mm/min was used, to a maximum compression length of 0.25 mm. The 
placement of the square PCL part between the compressive plates is shown in  
Figure 3-5. The compressive plates were treated with a lubricant in order to reduce 
friction and to improve the uni-axial compression state. No linear variable 
differential transformers (LVDTs) could be used to measure strain due to restricted 
space between the compression plates; therefore strain was deduced from the 
machine’s movement. The compressive modulus Ecomp
 
 was determined as the slope 
of the linear part in the stress-strain curve, which was situated between the stress 
levels of 10 and 15 MPa (∼compressive force range of 25 to 37.5 kN).  
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Figure 3-5: Compression of the square PCL part.  
 
The strain levels in the compression test are much lower than during the 
determination of the absolute tensile properties and load levels are much higher, 
with a maximum compressive force of about 85 kN. As such, the deformation of the 
machine frame itself can no longer be considered negligible. To eliminate this 
deviation, a compensation factor 1/kframe was determined by allowing the 
compressive plates to close onto one another at a rate of 0.5 mm/min and until a 
force limit of 85 kN. The value for 1/kframe
The modified displacement of the machine is then calculated as: 
 is the mean value (n = 3) of the linear 
slope of the load-displacement curve (F = 25 to 37.5 kN) for these experiments.  
∆𝑓𝑓𝑚𝑚𝑚𝑚𝑑𝑑 = ∆𝑓𝑓 − 1 𝑘𝑘𝑓𝑓𝑓𝑓𝑀𝑀𝑚𝑚𝑓𝑓� ∙ 𝐹𝐹  [𝑚𝑚𝑚𝑚]     (3.2) 
with: 
 ∆xmod
 ∆x = the measured displacement value [mm]; 
 = the modified displacement value [mm]; 
 1/kframe
 F = the measured force value [N]. 
 = the compensation factor for the machine frame [mm/N]; 
The value of ∆xmod is used for the calculation of the compressive strain for the PCL 
part and finally, this strain value is used for the calculation of Ecomp as described 
above. These last calculations are done via Matlab 7.10 software8
Figure 3-6
, where a 5-step 
progressive filter is also added to the compression curve to filter out the noise, the 
principle of which is illustrated in .  
 
                                                        
 
8 Mathworks, The Netherlands 
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Figure 3-6: (a) Unfiltered and (b) filtered stress-strain curves for the linear region.  
 
3. 3. 2.  Tensile properties 
3. 3. 2. a.  Ultimate tensile properties 
During the tensile testing of the PCL parts, it is remarkable how much the material 
deforms plastically before actually breaking. Figure 3-7 shows different moments 
during the tensile test: once necking of the loaded region is initiated, it will continue 
to propagate along the entire length of the dog-bone bar, leading to very high strain 
values.  
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Figure 3-7: Tensile testing of PCL.  
 
In Figure 3-8(a), the results of the tensile tests to failure are shown to be very 
reproducible, with the three curves overlapping one another closely even in the 
toothsaw-like profile towards the end of the curve. Once the yield strength is 
obtained around 17 MPa and necking of the polymer sets in, a sharp drop in 
engineering stress is observed, to a lower value of around 12 MPa. From there, 
stress hardly rises for a large straining interval (up to an elongation of 150 mm, 
which corresponds to roughly 400% strain), indicating that the plastic material 
deformation propagates very easily once initiated. These large deformations are 
possible because PCL is in the leathery state at ambient temperatures, as was 
demonstrated by the DSC experiment. It can also be observed that the plastically 
deformed region becomes more transparent, an indication that the crystalline regions 
of the polymer are being destroyed [46], which happens by internal slipping of 
polymer chains after they have been aligned to their fullest possible extent [39, 40].  
The final ascent of the stress-strain curve displays significant fluctuations before 
break finally occurs at large deformation levels. Once the entire length of the dog-
bone bar has been plastically deformed by necking, it is observed that even the 
broader handles of the dog-bone are deformed, by a tiered slipping of material 
sections, as can be seen in Figure 3-8(b). This causes the toothsaw-like profile of the 
failure region.  
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Figure 3-8: (a) Ultimate tensile properties of PCL and (b) tiered deformation of dog-
bone handle.   
 
As shown by the 0/100 curve in Figure 3-9, a similar shape was obtained for the 
stress-strain curve of pure PCL9 36 by Rosa et al. [ ], albeit with different strain levels 
(which is attributed to the differently shaped test specimens they used): a sharp rise 
to a yield strength of 16.9 MPa (at strain levels of 25%), followed by a drop in 
engineering stress to a plateau of about 13 MPa which is maintained until a strain of 
100% before the curve rises towards the break point. They did not report the 
deformation mechanism which takes place in the dog-bone handles.  
 
 
Figure 3-9: Stress-strain curves of LDPE/PCL copolymers obtained by Rosa et al. 
The 0/100 curve describes pure PCL [36].  
                                                        
 
9 Union Chemical Carbide, Mw = 80,000 Da 
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The mean tensile strength of PCL is calculated as σmax,t
Figure 3-10
 = 34.1 ± 1.5 MPa; strain at 
the onset of the tiered deformation is 438 ± 6% and the strain value at ultimate 
failure supposedly is over 1000%, but this value is calculated in reference to the start 
length that did not include the dog-bone handles and therefore not considered 
representative. Given the large plastic deformations, it would be advisable to 
consider the yield strength as a top limit for the practical use of PCL parts instead of 
the ultimate tensile strength.  
 shows the lower strain regions of the stress-strain curves, which may be 
used for the determination of the yield strength σy,t as the local maximum in stress at 
the yield point, resulting in σy,t
 
 = 17.82 ± 0.47 MPa.  
 
Figure 3-10: Stress-strain curves for PCL, limited to the region containing the yield 
point.  
3. 3. 2. b.  Elastic modulus 
The stress-strain curves for the tensile test to 10% strain are shown in Figure 3-11. 
The drop in engineering stress which is observed towards the end of the curves is 
caused by the finishing of the test; the yield point is not included in these 
experiments. Once more, the curves prove to be quite reproducible; it is even 
difficult to discern the curve of sample T9 in the figure, because it is almost entirely 
overlapped by that of T7.  
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Figure 3-11: Results of the tensile test to 10% strain. 
 
To determine the modulus of the material, the linear region of the stress-strain curve 
is observed, for strains varying between zero and 1%. An enlargement of this part of 
the curves in shown in Figure 3-12 and the tensile modulus of PCL is derived as     
Et
 
 = 440 ± 15 MPa. 
 
Figure 3-12: Stress-strain diagram up to 1% strain. 
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3. 3. 3.  Flexural properties 
The load-deflection curves for the bending experiments are shown in Figure 3-13. 
Especially during the linear ascent of the curve, the three tested samples appear to 
display similar behaviour.  
 
Figure 3-13: Load-deflection curves for the flexural testing.  
 
The slope mf of the curves is determined in the linear area of 2 to 10 N force; values 
for mf range between 5.163 and 5.403 N/mm. The mean flexural modulus is 
calculated by Equation (3.1) as Eflex
 
 = 414 ± 10 MPa, which is somewhat lower than 
the value found for the tensile modulus. This is attributed to the fact that the load is 
applied transversal to the main polymer chain orientation.  
3. 3. 4.  Compressive properties 
Figure 3-14 shows the stress-strain curves for compression without considering the 
compensation for the straining of the machine frame. 
 
 
Figure 3-14: Stress-strain curves for compression (no compensation for frame). 
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The stress limits of  10 to 15 MPa were selected for the linear region in which Ecomp
The compensation curves for the movement of the frame are recorded and shown in 
 
will be calculated; this equals a force interval of 25 to 37.5 kN.  
Figure 3-15; these curves are highly reproducible and overlap one another. For 
clarity’s sake, they are represented with a vertical shift between them. As shown in 
Figure 3-16, the compensation factor 1/kframe is determined for the force interval of 
25 to 37.5 kN in which Ecomp
 
 will be calculated.   
 
Figure 3-15: machine frame deformation under compression.  
 
 
Figure 3-16: Determination of the compensation factor 1/kframe
 
.  
The slopes of the three compensation curves relate very well to one another with a 
mean value of 1/kframe = 9.0385*10-6 ± 1.44*10-8 
Figure 3-17
mm/N. This value is used for the 
recalculation of the compression curves between 10 and 15 MPa. The results are 
shown in .  
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Figure 3-17: The stress-strain curves for compression, with compensation for frame. 
 
Finally, the compressive modulus is calculated as Ecomp
 
 = 455 ± 11 MPa, which 
relates very well to the mean tensile modulus value of 440 MPa, especially 
considering that the friction between the plates and the test specimen will result in 
an apparently stiffer behaviour.  
3. 3. 5.  
The mechanical properties of PCL, which were derived from the experimental work, 
are summarized in 
Summary of the mechanical properties 
Table 3-5; also included are the values found in the 
manufacturer’s data sheet and some values reported in literature. Lepoittevin [20] 
used a similar CAPA polymer grade material and prepared the parts by compression 
moulding. While Rosa et al. [36] used PCL from a different manufacturer, the 
molecular weight of the polymer is comparable with Mw
 
 = 80,000 Da.  They cut 
their samples from compression moulded sheets.  
Concerning the tensile properties acquired during these experiments, the ultimate 
properties σmax,t and εmax,t
The value found for yield strength agrees very well with those values found in the 
data sheet and in literature; likewise, the tensile modulus correlates well with the 
value found by the manufacturer and by Rosa. Remarkably, Lepoittevin noted a 
much lower value. There is no immediate explanation for this. 
 are slightly higher than those reported by Perstorp. 
Possibly, the tiered sliding deformation of the dog-bone handles did not occur in 
their tests, or they chose to disregard it and noted down the values obtained prior to 
the phenomenon.  
For the maximum strain εmax,t, the strain level prior to the onset of the tiered 
deformation in the dog-bone handles is used, which is more representative as a 
limiting value for operational use of the polymer.  
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Table 3-5: Summary of the mechanical properties of PCL. 
 
Property Experimental 
value 
Data sheet [41] 
value  
Literature 
value 
σmax,t 34.1 ± 1.5     [MPa] 29 37 ± 2 [20] 
εmax,t             
 
[%] 438 ± 6 >700 746 ± 43 [20] 
393 ± 25 [36] 
Ε t             440 ± 3 [MPa] 430 429 ±25 [36] 
216 ±  5 [20] 
σy,t           17.82 ± 0.47 [MPa] 
 
17.5 16.9 ± 1.2 [36] 
Ε flex         414 ± 10 [MPa] 411 - 
Εcomp 455 ± 2     [MPa] - - 
 
The flexural modulus obtained from the three-point bending tests is similar to the 
one reported by Perstorp. Eflex
 
 will be an important property for materials which are 
used for the production of heart valve scaffolds, as these are loaded in a flexural 
mode under physiological circumstances.  
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3. 4.  INTERFACE AND BIOLOGICAL PROPERTIES OF PCL 
Although the biologically related properties of scaffold materials are not the focus of 
this research, they should nonetheless be taken into consideration within the 
framework of developing scaffolds for tissue engineering. 
As mentioned during the introduction, PCL is an FDA-approved polymer which 
contains a hydrolytically unstable ester linkage [2, 3]; it will degrade into caproic 
acid in watery surroundings such as the human body. This degradation is relatively 
slow, with a total breakdown times of 24 to 36 months [3, 10, 32]. While this 
renders PCL very suitable for tissue engineering applications in which a prolonged 
period of structural support by the scaffold is required, the polymer is nevertheless 
found to be lacking in cell-interactive properties. Due to its hydrophobic nature, cell 
attachment and proliferation on the surface of pure, unmodified PCL is rather poor 
[47-49]. The hydrophobicity of PCL will be further illustrated in Chapter 6, where a 
static contact angle (SCA) experiment is included, which measures the contact angle 
of a drop of fluid on the polymer surface. The higher this angle, the lower the 
wettability of the surface. With a measured contact angle of 81° ± 1° for pure PCL 
scaffolds, the polymer was confirmed to be very hydrophobic.  
Likewise, in Chapter 7, pure PCL scaffolds are included in a cell viability assay 
which shows that after 72 hours of cell culture, only about half the cells remain 
viable on the scaffold surface.  
 
However, PCL can be modified for improved cell-interactive properties in a variety 
of manners, including chemical surface modification [47] (not discussed within this 
work), compounding with different polymer fractions (discussed in Chapter 6) and 
coating with a biologically more active substance (discussed in Chapter 7). As such, 
it remains justified to further investigate the use of PCL for scaffolds, based on the 
material’s advantageous properties such as mechanical strength, non-toxicity and 
stability during processing.   
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3. 5.  CONCLUSIONS 
PCL10
 
, the polymer which will be used as the base material for the manufacture of 
scaffolds for cardiovascular tissue engineering in this research, has been 
characterized for its bulk properties within this chapter.  
The physicochemical properties of the semi-crystalline PCL were characterized by a 
DSC experiment. The relevant transformation temperatures were obtained, as well 
as an indication of polymer crystallinity after cooling from the melt. It was found 
that Tm = 59.6°C and Tg
 
 = -64.6°C, which means that PCL is in the flexible leather-
like state at both ambient and body temperatures. The crystallization of PCL 
occurred at temperatures between 26.6 and 6.8°C and a total crystalline fraction of 
53.4 % was observed.  
The mechanical properties were determined for tension, bending and compression. It 
was found that the tensile modulus Et = 440 ± 3 MPa, which relates well to the 
compressive modulus Ecomp = 455 ± 2 MPa. The flexural modulus was somewhat 
lower, with a mean value of Eflex
The obtained material property values do not only correspond well to those found in 
the manufacturers report and in literature, they are also very reproducible. They may 
be used in future to either compare candidate scaffold materials, or to model the 
mechanical behaviour of scaffolds under loading conditions.  
 = 414 ± 10 MPa. The tensile yield strength 
amounted to 17.82 ± 0.47 MPa at a strain value of over 400%; once it was 
surpassed, necking of the polymer was expressed by a drop in the engineering stress 
and a large plastic deformation was observed without significant increase in stress 
levels. Finally, even the broader handles of the tensile dog-bone specimen were 
plastically deformed in a tiered manner.  
 
Concerning the biological properties of the PCL material, it was noted that even 
though the hydrophobic nature of the polymer leads to inferior cell-interaction 
properties, different strategies exist to improve these surface properties.  
Within the scope of this research, it will first be investigated whether it is possible to 
use the 3D plotting technique for the manufacture of PCL scaffolds with mechanical 
properties suitable for use as scaffolds in cardiovascular tissue engineering. From 
this basic requirement, it is then possible to expand the research towards modifying 
the PCL surface so that it will also interact properly with seeded cells.   
  
                                                        
 
10 CAPA 6500 (Perstorp, UK) 
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Chapter 4  
 
STRUCTURE OF THE NATURAL TISSUE 
In this chapter, the structure of the natural tissues to be replaced is 
investigated. A concise review is offered of the relevant anatomy, physiology 
and specific ultrastructure of arteries and (aortic) heart valve leaflets. This is 
complemented by an experimental section in which the structures are  
visualized by CT scanning of freeze-dried samples. An evaluation is made of 
the extracellular matrix of the arterial vessel wall and the compacting effect 
on this structure by different crosslinking agents used for xenogenic acellular 
scaffolds for tissue engineering. Similar experiments for heart valve leaflets 
were unsuccessful. 
 
4. 1.  INTRODUCTION 
In order to mimic their functionality with scaffolds, it is useful to understand the 
structure of both arterial blood vessels and aortic heart valve leaflets, two tissues 
who’s replacement is the subject of this research.  As with all materials, structure is 
the key to mechanical properties. Understanding the tissue structure will improve the 
ability to tailor a scaffold design to make it compliant with the natural tissue even 
when reproducing the exact structure is not required.  
 
4. 2.  CARDIOVASCULAR TISSUE 
By means of framework, a concise overview of the cardiovascular system (CVS) 
and its physiology [1, 2] is offered before considering the ultrastructure of arteries 
and heart valve leaflets. 
 
4. 2. 1.  Anatomy & physiology of the cardiovascular system 
The human body contains about five litres of blood; all of this is pumped around the 
vascular system by the heart, of which a schematic representation is shown in  
Figure 4-1. The CVS contains the pulmonary and the systemic loop. Oxygen-poor 
blood will arrive in the right atrium of the heart, from which it will flow into the 
right ventricle via the tricuspid valve. From there, it is pumped into the pulmonary 
circuit through the pulmonary valve and artery so that oxygen and carbon dioxide 
can be exchanged in the capillary bed of the lungs. The oxygen-rich blood returns to 
the heart, entering the left atrium by means of the pulmonary veins. Through the 
bicuspid mitral valve, the blood flows into the left ventricle and is ejected through 
the aortic valve into the aorta, the beginning of the systemic loop.  
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The different arteries branch off from the aorta, in their turn dividing into many 
more arterioles. It is in the capillary beds, vast networks of very small arteries, that 
the exchange of nutrients and oxygen with the tissue is made. The oxygen-poor 
blood then returns to the heart by means of the venal system. Venules branch back 
into veins and eventually the venae cava (inferior vena cava and superior vena cava) 
returns the blood to the right atrium. 
 
 
Figure 4-1: Schematic representation of the human heart [i]. 
 
The heart itself is a hollow muscle that serves as a pump to the entire vascular 
system; The left side is responsible for blood flow in the systemic loop and the right 
side for blood flow in the pulmonary loop. Each side has two compartments: the 
atrium (upper compartment) and the ventricle (lower compartment), which are 
separated by atrio-ventricular valves (tricuspid valve for right side and mitral valve 
for left side). When the heart contracts during systole, pressure rises quickly in the 
ventricles. The atrio-ventricular valves close due to the pressure difference between 
atria and ventricles: at this point both aortic and pulmonary valve are still closed. 
This is called the isovolumetric contraction. As the pressure in the ventricles reaches 
a limit value (i.e. it rises above the pressure in the aorta), the aortic and pulmonary 
valves open and blood is ejected from the heart. Pressure and flow ensue in the 
arterial system. In the meanwhile the pressure in the ventricles drops (due to 
relaxation of the heart after ejection); when this pressure falls beneath the aortic (or 
pulmonary) pressure, the aortic (or pulmonary) valve close again. At that moment, 
the atrio-ventricular valves are still closed. The ventricles continue to relax, now in 
an isovolumetric fashion. When pressure falls beneath that of the atria (which are 
filled with blood from the veins in the meanwhile), the tricuspid and mitral valves 
open and blood flows into the ventricles (diastole). End of diastole is the first 
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contraction of both atria, completely filling the atria. This contraction is then 
communicated to the ventricles, again initiating systole. 
The arteries are more than simple transport channels: due to their viscoelastic 
properties, they also serve as an elastic chamber, translating the pulsatile blood flow 
from the heart into a nearly steady flow in the peripheral vessels [3]. The main blood 
vessel is the aorta, with all arteries of the circulation branching off directly or 
indirectly from it, as shown in Figure 4-2. Blood is returned to the heart through the 
veins.  
 
 
Figure 4-2:  Anatomy of the aorta, the main arteries and veins [ii]. 
 
The aorta starts at the left ventricle, and is separated from the heart by the aortic 
valve, after which it goes up into the ascending aorta. The right and left coronary 
arteries are the only ones that branch of in this section - before the aortic arch - to 
supply the heart muscle itself with oxygenated blood. In the arch itself, the 
brachiocephalic trunk (also referred to as the innominate artery) forks into the right 
subclavian and carotid artery. On the left, the subclavian and carotid artery connect 
immediately to the arch. These carotid arteries supply blood to the head and neck, 
while the subclavian arteries supply the upper extremities. The descending aorta 
then goes down, being named the thoracic aorta while in the chest area, and the aorta 
abdominalis from the diaphragm on. Branches of the thoracic artery include the 
intercostal arteries which supply blood to the chest area. Abdominal aortic branches 
include the celiac artery which divides into the gastric, hepatic and splenic arteries 
that supply blood to stomach, liver and spleen respectively. The abdominalis finally 
splits into the left and right common iliac artery, which go down in the legs. They in 
turn branch off into the interior (towards the pelvis) and exterior arteries (lower leg). 
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On the descending aorta, there are many other important branches such as the renal 
arteries and testicular/ovary arteries. All of these vessels branch of further into 
peripheral arteries, which will not be discussed within this work. 
Finally, the venous system transports the oxygen-poor blood from the capillaries, 
through the venules and veins back to the heart. All veins come together in the vena 
cava (superior and inferior) before flowing back into the heart. The vena cava is the 
venous counterpart of the aorta. Blood flow is maintained by muscle contraction, 
arteriovenous shunts and the respiration. A noteworthy feature of the veins is the 
presence of many small oriented valves inside the veins, which prevent the backflow 
of blood. 
 
4. 2. 2.  Structure of arterial tissue 
4. 2. 2. a.  The arterial vessel wall 
The blood vessel wall is a complex, multilayered anisotropic structure which is 
represented in Figure 4-3. It contains three distinct layers or tunics: the intima, 
media and adventitia. In arteries, these layers are separated by elastic lamellae.  
 
 
Figure 4-3: The multi-layered structure of the arterial wall [4]. 
  
The intima – which is in direct contact with the blood – is composed of a single 
layer of flat, elongated endothelial cells, resting on a basement membrane. This 
membrane is composed of collagen (type IV), proteoglycans and laminin and 
provides a cushion which allows bending and changes in diameter associated with 
changes in blood pressure. This layer assures the hemocompatibility and 
antithrombogenicity of the artery, as well as being responsible for an exchange of 
nutrients and other biological substances between the blood and the surrounding 
tissue. 
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In healthy young individuals, the intima is very thin and plays an insignificant role 
in the mechanical properties of the blood vessel. The intima thickens with age and 
the circumference increases, affecting mechanical properties [5]. For a human adult, 
the intima is about 0.5 - 1 µm thick [6] and is separated from the media by the 
internal elastic lamella, composed primarily of elastin sheets.  
The media is the middle and thickest layer of the blood vessel and is mostly 
responsible for the mechanical properties of the artery. It contains concentric layers 
of elastic lamellar units which consist of smooth muscle cells (SMC), elastic fibres 
and collagen fibrils. Proteoglycans are also found abundantly in the extracellular 
matrix (ECM). An elastic fibre network can be found in the media, which is 
believed to be responsible for the auxiliary pumping ability of the aorta, while the 
resistance to overdilation and failure is prevented by the collagen fibre meshwork. 
Collagen and elastin content vary along the longitudinal position of the aorta [7]. 
The aorta and the arteries close to the heart are of the elastic type, boasting a clear 
three-layer anatomy and a strong elastic internal lamella. As the blood vessel is 
more remote from the heart, the elastic networks become less and the amount of 
SMC increases. For a healthy adult, the diameter of the vessel quickly decreases 
from 2.5 cm at the beginning of the aorta to 1 cm at the branching of the iliac 
arteries. Separate thickness measurements of the media are difficult and therefore it 
is often comprised in the intima media thickness (IMT), which is measured non-
invasively from lumen-intima interface to media-adventitia interface (the external 
elastic lamina) [8]. For example, an IMT of 0.5 to 1.2 mm is considered normal for 
a carotid artery [9]. 
The adventitia is the outer layer of the blood vessel; it is separated from the media 
by the external elastic lamella.  Its outer limit is continuous with the surrounding 
connective tissue. The adventitia consists of fibroblasts, large-diameter collagen 
fibrils and associated proteoglycans. It does not contribute extensively to the 
mechanical behaviour of the vessel wall, except in tethering the artery to the 
surrounding tissues. 
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4. 2. 2. b.  Ultrastructure of the media 
As the tunica media is primarily – and almost solely – responsible for the elastic-
mechanical functionality of the blood vessel, it is the functionality of this structure 
which must be approximated by synthetic scaffolds.  
The media is built up by a concentric arrangement of lamellar units as shown in 
Figure 4-4, defined by Wolinsky and Glagov [10]. Dense fenestrated sheets of 
elastin – the lamellae – form the basic unit. The interlamellar space contains an 
interconnective network of elastin fibres linking the lamellae, SMC and dispersed 
collagen fibres. Together, a single elastic lamella and its adjacent interlamellar 
elements form the lamellar unit. The medial layer of the human aorta is composed of 
fifty to eighty such units, each of which is just under 14 µm thick [11, 12]. 
 
 
Figure 4-4: Schematic representation of two elastic lamella (EL) and their 
interlamellar space, with SMC, thick collagen fibers (Coll), deposits of collagen type 
IV and proteoglyacans (D) and interconnective elastin network (Ox) [11]. 
 
 
Distributed across the lamellar units, the main components of the vessel wall are: 
 
 Elastin. The elastin sheets, determined to be 1.50 to 2 µm in thickness, are 
known to be interrupted by rounded oval fenestrations [11, 13]. These 
fenestrations appear to be up to 10 µm in diameter, while the dense sheets 
themselves are composed of fibrous structures 0.1-0.2 µm in thickness. A 
scanning electron microscope (SEM) image of such an elastin sheet (from 
mouse aorta) is shown in Figure 4-5. Additionally, an elastin meshwork of 
fibrils is spread through the interlamellar space, connecting the adjacent 
lamellae and providing a stress distribution network in the media [13-15]; 
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Figure 4-5: SEM of medial elastin laminae in mouse aorta [13]. The elastic lamina is 
observed as a thin & fibrous sheet with multiple fenestrations (magnification x1800) 
 
 Collagen. The collagen fibres are circumferentially oriented, along a small-
pitch helix pattern [14, 16, 17]. They appear to be unconnected to the 
elastin components, instead finding their way in between the elastin fibrils 
[14]. Native collagen fibres are 1-20 µm in diameter and are composed of 
smaller fibrils (30-100 nm) [13]; 
 Smooth Muscle Cells (SMC). The SMC usually form a single layer in the 
interlamellar space, which is separated from its neighbouring elastic 
lamellae [10, 11]; 
 Vasa Vasorum. The media – as well as the adventitia – contains several 
vasa vasori, smaller blood vessels which keep the arterial wall perfused 
[12].  
 
4. 2. 3.  Structure of the aortic valve leaflet 
The aortic valve is a tricuspid valve, consisting of three cusp-shaped leaflets as 
shown in Figure 4-6. The left coronary cusp (LC) and right coronary cusp (RC) are 
connected to the coronary arteries, while the  non-coronary  cusp (NC) has no artery 
opening.  
 
 
Figure 4-6: Excised porcine aortic heart valve [18]. 
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4. 2. 3. a.  Geometry of the valve leaflet 
When excised and flattened, the cusps of the aortic valve display a semi-lunar shape. 
The ruling dimensions were defined by Silver & Roberts [19] as shown in        
Figure 4-7(a): cuspal width (4) and height (3) along with the two curvatures of the 
free (1) and attachment (2) margin. Average dimensions, based on the analysis of 54 
healthy human hearts (aged 18 to 100 years), are shown in Table 4-1. The leaflet 
surface was observed to increase with age.  
 
Table 4-1: Geometrical dimensions of the aortic valve leaflets. 
Dimension [mm] RC LC NC 
(1) free margin 31 ± 4 29 ± 4 30 ± 4 
(2) attachment margin  46 ± 6 46 ± 7 47 ± 6 
(3) height 13 ± 2 14 ± 2 14 ± 2 
(4) width 30 ± 5 28 ± 4 30 ± 4 
 
In their natural position in the aortic root, the leaflets are mounted into the shape of 
parabolic cusps which provide closure of the valve by appositional touching of their 
surfaces. This is illustrated in Figure 4-7(b). The points G, G’ and G” are the lowest 
points of the leaflet attachments; E, E’ and E” are the highest  points in which the 
different leaflet attachments meet. The three leaflets come into apposition during 
closing along line P and meet in the point K. Literature data exists on geometrical 
distances and models of this 3D-mounted position [20-22]; it is, however, less 
relevant to this research in which scaffolds for heart valve leaflets will be 
manufactured as flat sheets. Mechanical properties will likewise be compared to 
those of excised natural leaflets.  
 
Figure 4-7 : Geometry of the aortic valve leaflet. (a) Leaflet in its excised sheet-like 
shape [19]. (b) Parabolic shape of the three cusps in their closed position in the 
aortic valve [21].  
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4. 2. 3. b.  Ultrastructure of the valve leaflet  
Each leaflet is made up of the structural elements collagen and elastin, along with 
the cellular elements of the endothelial and interstitial cells. The interstitial cells 
show characteristics of smooth muscle cells and myofibroblasts. They are also 
responsible for the production of glycosoaminoglycans (GAGs), which can retain 
water and are believed to be responsible for the damping of mechanical forces and 
the viscoelastic properties of the valve [18].  
The abovementioned elements are organised into three distinct layers as shown in 
Figure 4-8: the fibrosa, spongiosa and ventricularis.  
 
 
Figure 4-8: The 3 layers of the aortic valve leaflet [23]. 
 
The fibrosa, which is at the aortic side of the cusp, is covered by a layer of 
endothelial cells. It is mainly composed of compact collagen fibres, which are 
arranged in longitudinal (from cusp attachment to cusp attachment) bundles and to a 
lesser degree in radial directions [24]. The radial fibres are crimped much more 
together. The elastin in the fibrosa forms a highly organised network of tubes which 
radiate from the central region to the line of attachment of the leaflet. The walls of 
these tubes contain dense elastin sheets which surround the collagen fibre bundles. It 
is believed that this elastin stores energy during the loading of the valve and returns 
this energy to the collagen during unloading, thus returning the valve to its resting 
position [25, 26]. Responsible for this are elastin struts which interconnect between 
the elastin tubes. The fibrosa is folded together in the radial direction, allowing for it 
to stretch and crimp during opening and closing of the valve.  
The ventricularis, at the ventricular side of the cusp, is much thinner than the 
fibrosa and does not have its rough surface topography. It is made up of sheet 
elastin (becoming a fibrous mesh at the edges) and loose collagen fibres which are 
longitudinally arranged and crimped together. Elastin is substantially less stiff than 
collagen, and does not participate significantly in the load bearing of the valve. 
Between these two layers is the less dense spongiosa. It is made up of loosely 
arranged collagen and elastin, and contains abundant supplies of GAG. The 
spongiosa is the buffer zone which enables shearing between fibrosa and 
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ventricularis during loading and unloading. It absorbs the loading and transfers it to 
the elastic aortic wall, resulting in minimum stress on the leaflet itself.  
These three very different layers, each with their specific function, make the valve 
leaflet a very complex multilayer composite of high anisotropy. Through its 
specific fibre arrangement, the leaflet is soft and pliable during opening, but stiff 
and extended when closed. The closing of the valve is facilitated by giving the 
valve an increased surface area as the crimped radial collagen fibres in the fibrosa 
flatten themselves, the elastin stretching along with them. In the meanwhile, 
stiffness is generated by longitudinal fibres which stretch out [27]. Clearly, the 
directional arrangement of the fibres in their matrix of connective tissue is just as 
important (if not more so) as the relative amount in which they are present.  
 
4. 3.  CT SCANS OF CARDIOVASCULAR TISSUE 
4. 3. 1.  Introduction  
Within a TE construct, the scaffolds must emulate the function of the extracellular 
matrix by providing support and transducing correct mechanical stimuli in an aptly 
porous environment. In this section, the ECM ultrastructure of cardiovascular tissue 
is investigated by computed tomography (CT) of decellularized tissue. By removing 
the cellular component, the collagen-elastin matrix becomes available for evaluation.  
 
In a first experiment, the ultrastructure of the arterial wall for decellularized porcine 
tissue was visualized. 
In a second experiment, the effect of different crosslinking agents on acellular 
xenogenic valve matrices is investigated. As mentioned in Chapter 1, crosslinking 
treatments have a densifying effect on the matrix structure [28, 29] which may  
prevent the cells from entering the matrix. This effect is investigated for porcine 
arterial tissue; a quantitative comparison is made for the densities of a non-
crosslinked matrix and matrices treated with genipin and glutaraldehyde (GA).  
In a final experiment, this was repeated for heart valve leaflets, with an additional 
crosslinking by formaldehyde. 
 
Tissue was freeze-dried prior to scanning for several reasons: firstly, eliminating the 
water component removes a third (next to the tissue and the air) component from the 
sample. CT is a density-based technique and removing the noise of the water (with a 
density value between air and the tissue) should provide a better contrast. Secondly, 
drying to the surrounding air of the tissue during scanning would cause slight 
movement of the tissue sample (shrinking), resulting in a poorer scan result. Finally, 
it facilitated storage and handling as once dried, the tissue could be kept at room 
temperature without risk of degradation.  
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4. 3. 2.  Materials & methods 
4. 3. 2. a.  Acellular matrix preparation 
Fresh porcine tissue samples were procured from slaughterhouse and taken to 
University Hospital Ghent, where they were decellularized and additionally treated 
with a crosslinking agent (CL). Porcine matrices were prepared using a patented 
detergent-enzymatic treatment as described by Wilson and co-workers and Zeltinger 
and co-workers [30, 31]. Essentially tissues were rinsed in hypotonic saline 
containing phenyl-methylsulfonylfluoride (PMSF)1 with a concentration of 1 µM, 
and antibiotics (streptomycin: 100 µl/l; penicillin: 100 µl/l mixture; Sigma). Cells 
were then ruptured by subjecting the tissues to alternating treatments in hypotonic 
Tris-buffer (pH 8.0) and hypertonic Triton X solution (pH 8.0)2. All solutions were 
supplemented with PMSF (1 µM), penicillin/streptomycin solution (100 µl/l, 
respectively) and 50 µM butylated hydroxyanisole (Sigma). After thorough rinsing, 
tissues were subjected to a digestive procedure using an enzymatic solution 
containing Dnase1, RnaseA, trypsin, and phospholipases A2, C and D (Sigma). To 
ensure complete digestion,  two enzymatic treatments of  45 minutes each were 
employed. Tissues were then washed for 24 hours in a magnesium and calcium free 
chelating solution. All steps were performed at 4°C. Acellular matrices (n=3) of one 
valve were fixed in a 0,03% aqueous genipin3
4. 3. 2. b.  Freeze-drying 
 solution at 37°C for 3 days. The 
aqueous genipin solution was buffered with phosphate buffered saline (PBS, 0.1M, 
pH 7.4, Sigma). Acellular matrices of a second and third valve were fixed in 0.625% 
glutaraldehyde solution  and 4% formaldehyde  at room temperature for 24 hours. 
All tissues were subsequently rinsed in PBS. Afterwards, they were stored on PBS 
for a maximum of 24 hours prior to freeze-drying. For the comparative CL trials of 
arterial tissue, three samples per CL type were selected at this point and left to dry in 
a fume hood for 40 hours, after which they were weighed and their density was 
determined through an immersion experiment.  
Tissue samples were freeze-dried using a setup4
                                                        
 
1 Sigma, Bornem, Belgium 
 at the Faculty of Pharmaceutical 
Sciences of Ghent University. Samples were placed in an open petri dish on the face 
plates. During the freezing phase, face plates were cooled to -45°C over a period of 
2.5 hours, followed by an isothermal phase of 25 minutes. Primary drying (removal 
of ice crystals) was effected over a period of 14 hours at a temperature of -15°C and 
pressure between 0.8 and 1 mbar. The secondary drying (removal of bound water) 
2 Biorad, Eke, Belgium 
3 Challenge Bioproducts Co., Taichung, Taiwan 
4 Amsco-Finn Aqua GT4 freeze-Dryer (Amsco, Germany) 
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was effected over a period of 9 hours at a temperature of -10°C and pressure 
between 0.1 and 0.2 mbar. Afterwards, tissue samples were stored in a sealed 
container at room temperature.  
4. 3. 2. c.  CT-scans 
Specimen of roughly 1 mm² were cut from the samples and scans of the tissue 
structure were performed with a multi-resolution CT setup at UGCT (Ghent, 
Belgium). The CT setup consists of an 8-axis motorized stage combined with two X-
ray tubes5 and two X-ray detectors6, specifically designed to permit very high 
resolution scans as well as scans of larger objects. Both detectors are placed on a 
translation and magnification stage in order to be used in combination with one of 
both X-ray tubes to scan small samples with low or high attenuation as well as large 
samples (up to 37 cm in diameter). 2D image stacks were reconstructed using 
Octopus7
Table 4-2
 software; an overview of the reconstructed voxel size per tissue is given in 
. Prior to scanning, the tissue samples were doped with iodium for contrast 
enhancement.  
 
Table 4-2: Tissue specification for CT scans. 
 
tissue 
 
trial 
 
CL treatment 
 
voxel size 
[µm] 
aorta ascendans ultrastructure none 2.70 
aorta ascendans CL comparison none 1.67 
aorta ascendans CL comparison genipin 0.03% 1.52 
aorta ascendans CL comparison GA 0.6% 2.50 
aortic valve 
leaflets 
CL comparison none, formaldehyde 4% 
genipin 0.03%, GA 0.6%,  
12.32 
 
Using VGstudio8
                                                        
 
5 A Hamamatsu L9181tube (130 kV, 35 W source with down to 5μm spot size) and 
a Hamamatsu L1711 tube (100/160KV (LaB6/W filament), 3W, down to 400nm 
spot size).  
 software, image stacks of arterial tissues were oriented 
orthogonally to the rθz directions, with r the radial direction (outwards through the 
vessel wall), z the longitudinal direction (direction of blood flow) and θ the 
circumferential direction.  
6 a Varian Paxscan 2520 (1820x1460 pixels of 127μm pixel pitch with CsI 
scintillator) and a Photonic Science VHR (3600x3200 pixels of 7,74μm pixel pitch 
with thin gadox scintillator). 
7 InCT, Belgium 
8 Volume Graphics, Germany 
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The comparative quantification of the effect on tissue density of the different CL 
agents was performed with CTAn9
 
 software at the PMA department of KULeuven 
by cutting out a closed volume from the image, setting the lower grey threshold 
value (differentiation material/air) to 80, the upper threshold value to 255 and 
calculating the percent object volume (POV) for each tissue.  
4. 3. 3.  Arterial tissue 
4. 3. 3. a.  Ultrastructure of the arterial wall 
A 3D reconstructed image of a section of the arterial wall segment is shown in 
Figure 4-9(a). The interconnected lamellar structure can be seen, ending in a dense 
sheet at the intima. Also, the presence of a smaller blood vessel perfusing the arterial 
wall can be discerned. Cutting out a thinner section in Figure 4-9(b), the porous 
nature of the tissue can be clearly observed. Elastin and collagen cannot be 
distinguished from one another in these images, because they attenuate the X-rays  
to a similar degree.  
 
 
Figure 4-9: (a) 3D reconstructed image of the arterial wall ultrastructure, with 
indication of intimal (I) and adventitial side (A). (b) A thinner section of the vessel 
wall.  
 
Repositioning the reconstructed image stack so that the orthogonal software XYZ 
coordinates match the rθz directions of the tissue, three new image stacks may be 
generated, matching views in the θz-, θr- and rz-planes as shown in Figure 4-10. 
Looking into the vessel wall from intima to adventitia (θz-plane), the denser 
                                                        
 
9 Skyscan N.V., Belgium 
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structure of the elastin sheets can be seen, with many fenestrations spread 
throughout them. The lamellar build-up of these elastin sheets into the vessel wall 
can be observed both along the longitudinal length of the vessel wall (θr-plane) and 
the along the vessel circumference (rz-plane).  
Going through the entire image stack in the z direction (θr plane), between 110 and 
125 lamellar units are counted in the porcine vessel wall, which is higher than the  
value reported in literature for human aorta (50-80 units) [10, 11]. 
 
 
Figure 4-10: Repositioning of image stack allows for sectional views in the three 
main directions of the tissue.  
 
Reliable quantification of the width and porosity of the lamellar units cannot be 
achieved for two main reasons: firstly, the individual voxel size is 2.7µm, while the 
expected thickness of a single lamellar unit is 14 µm. Resulting in a larger margin of 
error in itself, it also considerably enlarges the impact of thresholding in the image 
processing software10
Figure 4-11
. When calculating porosity, the image must first be reduced to 
a binary state, with the threshold intensity values (there are 256 intensity states for 
an 8 bit greyscale image) determining whether or not a voxel is counted as material. 
This upper and lower threshold must be indicated by the user in an intensity 
histogram of the image and their chosen position will greatly affect the resulting 
image. For the benefit of the reader this is demonstrated in an exaggerated fashion in 
 by varying the upper threshold value (lower threshold remains at 0) 
upwards results in the perception of less material. As there is no objective way of 
placing this threshold, an absolute quantification of the tissue’s porosity cannot be 
considered reliable. Nevertheless, if different tissue samples were to be processed 
                                                        
 
10 ImageJ (NIH, US). 
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with the same thresholding boundaries, it would be possible to make a relative 
comparison of their porosities.  
 
 
Figure 4-11: Representation of the effect of thresholding  in ImageJ software on the 
same slice image. (a) upper threshold 33 and (b) upper threshold 195.  
 
4. 3. 3. b.  Densifying effect of crosslinking treatment 
A selection of the results of the scan experiments with the differently treated tissues 
is shown in Figure 4-12. No real conclusions can be made based upon these visual 
representations, as the voxel sizes differ for each specimen. It appears, however, that 
the tissue crosslinked with genipin in Figure 4-12(b) maintains roughly the same 
ellipse-like porosity shapes as the untreated tissue in Figure 4-12(a), while the tissue 
treated with GA in Figure 4-12(c) displays a more flattened and contracted structure.  
A comparative quantification was undertaken by setting the intensity threshold 
values to 80 (lower value) and 255 (upper value) for all three tissues and calculating 
the POV from these image stacks. The resulting values are shown in Table 4-3, 
along with the measured density of the (un)treated tissue type. 
 
Table 4-3: POV and density for the scanned tissues. 
CL POV [%] ρ [g/cm³] 
None 37.96 0.167 ± 0.025 
genipin 43.49 0.203 ± 0.014 
GA 58.40 0.213 ± 0.018 
 
Listed POV values are not absolute and may only be used relatively to one another; 
the density values are absolute. Both the density and POV results evidence a 
densification of the tissue structure by use of a CL agent. The effect of GA is 
notably stronger than for genipin, especially for POV. This correlates with cell-
based research results, where genipin-treated acellular matrices displayed a higher 
cell viability than their GA-treated counterparts [32]. However, the research also 
concluded that genipin crosslinking treatment did not fully eliminate the 
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inflammatory host reaction which is otherwise observed with untreated acellular 
xenogenic matrices.  
 
 
Figure 4-12: Sectional views of the different tissues  for CL densification trials: (a) 
untreated artery, (b) crosslinked with genipin and (c) crosslinked with GA. White 
captions indicate the orientation of the view.  
 
4. 3. 4.  Heart valve leaflets 
3D reconstructed images of all four scanned valve types are shown in               
Figure 4-14(a). Most of the thin leaflets were already slightly curved after 
crosslinking and became even more so by the freeze-drying treatments. This can be 
seen in Figure 4-13, where the leaflet crosslinked with GA has maintained its semi-
lunar shape and all other leaflets have crimped up to some degree, with the genipin-
treated leaflet even totally twisted upon itself. This locally curved shape makes it 
notably hard to align the 3D stack of the scanned tissue section with its own 
principal directions.  
Furthermore, when attempting to quantify the structure by using the different section 
stacks in Figure 4-14(b), it appeared that local structure density was strongly 
dependent of slice location in the tissue. Perceived structures varied from dense to 
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loose in a seemingly random fashion. It was not possible to discern any relevant 
difference between the crosslinking techniques.  
 
 
Figure 4-13: The four types of leaflets after treatment and freeze-drying. From top 
left to bottom right: untreated, GA, genipin, formaldehyde. All scale bars are 1mm.  
 
The leaflet structure is of course strongly inhomogeneous, but may also have 
partially collapsed during freeze-drying. It has been reported that the removal of the 
water-retaining GAG’s during freeze-drying will cause the heart valve tissue to 
shrink considerably [33, 34]. As such, pinning the tissue in place was no option, 
since it would cause tearing of the valve under influence of the shrinking movement.  
 
 
Figure 4-14: (a) Reconstructed 3D image of the differently treated heart valve 
leaflets. From left to right: untreated, genipin, GAH, formaldehyde. (b) section view 
of the untreated leaflet.  
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Considering the inhomogeneous character of the freeze-dried tissue and the 
difficulties to properly align the leaflets to orthogonal directions, no quantification 
of the structural density was undertaken. 
 
4. 4.  CONCLUSIONS 
Both the arterial vessel wall and the aortic heart valve leaflet are complicated, multi-
layered constructs. Given that their structural components are much finer than the 
fibre dimensions which can be achieved through 3D plotting, it will not be possible 
to mimic these structures exactly with synthetic scaffolds. Fortunately, while a 
replication of the macro-shape of the replaced tissue is necessary, an exact 
reproduction of the tissue’s ultrastructure is not required for an adequate scaffold. It 
is necessary to approximate the tissue’s functionality and provide sufficient porosity, 
cell-attractiveness and mechanical compliance, properties which are nonetheless 
derived from the structure of the natural tissue. It therefore remains important to 
understand  these structures. 
Experimental work in this chapter has shown that it is feasible to visualize the 
ultrastructure of the arterial wall through nano-CT of freeze-dried tissue, although 
measurement of the dimensions of the lamellar units was not possible.  
An indicative evaluation of the compacting effect of crosslinking agents used for 
xenogenic acellular matrices was done. It would seem that GA – which succeeds in 
suppressing immunogenic inflammatory response – causes a severe densification of 
the tissue structure, making it unattractive to cells. On the other hand, the use of 
genipin results in a more open ECM structure, but has been reported to provide 
insufficient remedy against inflammatory response. The lack of a “perfect” 
crosslinking agent for biological matrices is yet another stimulus to look into the 
possibility of synthetic scaffolds. Similar experiments on heart valve leaflets have 
failed due to crimping and suspected collapse of the tissue during the freeze-drying 
treatment.  
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Chapter 5  
 
MECHANICAL PROPERTIES OF CARDIOVASCULAR TISSUE 
In this chapter, the static elastic mechanical properties of the arterial wall 
and heart valve leaflets are investigated. For arteries, a review of the 
available literature leads to the decision to compare future scaffolds to the 
arterial wall based on the circumferential modulus of the blood vessel. For 
heart valve leaflets, a more concise literature study is complemented by 
experiments determining their flexural properties. The material properties 
derived in this chapter will be used as a reference set further on in the 
research, when manufacturing and evaluating scaffolds which must emulate 
the functionality of the relevant tissues.  
 
5. 1.  INTRODUCTION 
Within the current research, scaffolds are primarily evaluated based on their ability 
to approximate the functional properties of the relevant natural tissue. Scaffolds 
require mechanical properties which are comparable with those of their natural 
counterparts, to help ensure a correct stimulus for the seeded cells and to prevent 
damage caused by mechanical mismatch with the surrounding tissue [1-6].  
The purpose of this chapter is to create a basic understanding of the mechanical 
properties of the arterial wall and the individual aortic valve leaflet as well as to 
provide a reference set of functional properties which manufactured scaffolds should 
emulate. This reference set must be practice-oriented and the experiments required 
to acquire the properties listed therein must be easy to conduct, so that a clinician 
can readily obtain a first impression of the functional suitability of a synthetic 
scaffold, before starting expensive and time-consuming in vitro trials involving cell 
seeding.  
 
The mechanical properties of human arterial wall tissue will be addressed first, as 
much data describing both their structure and morphology are available in the 
existing literature. Second, a literature review of the functional properties of heart 
valve leaflets will show that they have not been as well and equivocally described as 
the arteries. Next, the results of a series of experiments investigating the flexural 
properties of porcine valve cusps is presented. Finally, a reference set of mechanical 
properties is formulated for both tissue types. 
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5. 2.  MECHANICAL PROPERTIES OF ARTERIAL TISSUE 
5. 2. 1.  Introduction 
Characterizing the mechanical properties of arteries is far from simple. Over the 
years, researchers have developed several measurement methods [7-14] and 
constitutive models [15-22], but no unifying theoretical formulation yet exists which 
incorporates all tissue properties and is able to explain the mechanical properties of 
the arterial wall in terms of its components and structural arrangements.  
This section will focus on the static elastic properties of arteries. Modelling of the 
dynamical elastic properties, which relates to the viscoelastic behaviour of the 
arterial wall, will not be discussed. This is considered outside the scope of this 
research since it will endeavour to match the static elastic properties of scaffolds to 
those of native blood vessel matrices. Viscoelastic behaviour is incurred by the SMC 
of the tissue engineered vessel [14] and the seeding of these cells is part of the tissue 
engineering process that comes after the development of the scaffold itself. 
 
5. 2. 2.  Intrinsic properties of the arterial wall 
Basic linear elastic theory cannot be readily applied to the arterial wall, due to the 
very nature of the tissue. An overview of some of the main characteristics of the 
arterial wall is given. 
5. 2. 2. a.  Non-homogeneity 
The arterial wall is composed of different materials, all with different mechanical 
properties. These components are arranged in a complex wall structure. About 70% 
of the arterial wall is water, the other 30% is solid material. Among the solid 
components are the passive components elastin and collagen (about 50% together), 
and the active component of the SMC.  
Elastin is a very elastic material, with a reported Young’s modulus of approximately 
0.3 MPa [23] to 0.6 MPa [24] and can be stretched up to 100%. Collagen on the 
other hand is much stiffer with a Young’s modulus of 100 MPa [23, 24] and can 
only be stretched 10-30% beyond its original length. SMC have a Young’s modulus 
similar to that of elastin, but the exact value depends on the muscle tone [25]. 
The arrangement of these components in the different tunica was discussed in the 
previous chapter. Although the arterial wall is obviously not homogenous, it may be 
considered as such when investigating the vessel’s bulk properties [11, 14]. 
5. 2. 2. b.  Anisotropy & non-linearity 
The arterial wall displays different (viscoelastic) properties in the circumferential, 
radial and longitudinal direction. This is due to the various arrangements of elastin 
sheets and fibres, as well as collagen fibres within the different layers of the wall. 
Anisotropy renders the modelling of the aorta notoriously more complex. Three 
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principal directions of the arterial wall are defined when it comes to mechanical 
properties [14, 26]. They correspond to a cylindrical coordinate system and are 
illustrated in Figure 5-1. The longitudinal direction (length of the vessel along the 
blood flow) is described by z; the radial (transmural) direction r traverses the vessel 
wall from intima to adventitia and the circumferential direction θ goes through the 
vessel wall along its circumference.  
 
Figure 5-1: Principal directions of the arterial wall [26]. 
 
Additionally, the stress-strain relationship of biological tissue in general is not linear 
and arterial wall tissue is no exception. It exhibits a J-shaped curve as is shown 
Figure 5-2, where the full line describes the stress-strain behaviour of freshly 
excised aortic tissue. For high stress levels it can be observed in Figure 5-2(a) that 
the tissue will stiffen significantly, displaying a much higher modulus than for more 
physiologically healthy stresses, which are shown in .Figure 5-2(b).   
 
 
Figure 5-2: Stress-strain curves for fresh and frozen arterial tissue [27] : (a) for high 
stresses and (b) for physiological stresses.  
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The elastic response is governed by the elastin and the stiffening of the vessel wall 
by the stretching of the collagen fibres [8, 28].  
5. 2. 2. c.  Incompressibility  
It is generally accepted that the arterial wall is essentially incompressible             
[11, 14, 23], meaning that the wall volume does not change when the wall widens or 
narrows due to pressure changes. This implies a Poisson’s ratio of ν = 0.5 in all 
directions.  
5. 2. 2. d.  Viscoelasticity 
The viscoelastic properties of the artery manifest through the phenomenon of creep 
and stress relaxation. An in vivo experiment conducted by Fischer et al. [29] 
demonstrates this viscoelastic behaviour of the aortic wall. Both to arterial blood 
pressure and the artery’s strain response were monitored in living sheep, resulting in 
the pressure and diameter curves shown in Figure 5-3. The blood pressure is 
expressed in mmHg, the use of which originates in medicine (1 kPa = 7.5 mmHg).   
It may be observed that the blood vessel’s distension is slightly delayed in response 
to the applied blood pressure. The part of the response which is almost instantaneous 
represents the purely elastic elements in the aortic wall, whereas the creep behaviour 
is a manifestation of tissue viscosity. This viscosity represents about 25% of the step 
response of the aorta [23].  
 
Figure 5-3: The in vivo arterial strain response to blood pressure [29]. 
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5. 2. 3.  Abstraction of the arterial wall 
To characterize the static elastic properties of the arterial tissue, certain abstractions 
of the blood vessel need to be made. For the purpose of determining and modelling 
the mechanical properties, it is accepted practice to consider the arterial vessel to be 
a thin-walled cylindrical tube with a circular cross-section, a uniform wall thickness 
and a homogeneous structure which is elastic, incompressible and cylindrically 
orthotropic [11, 22, 27, 30-35]. The latter entails that properties such as strain, stress 
and modulus are defined along the principal directions r, θ and z of the arterial wall 
structure. Furthermore, it is also assumed that the stress-strain curve is piece-wise 
linear, which will facilitate the definition of a single value for the elastic modulus.  
 
5. 2. 4.  The circumferential modulus 
To make an initial comparison between the tube of a natural artery and 
manufactured scaffold tubes, a single value indicating tissue elasticity needs to be 
selected. This value must be indicative of the compliance of the tube, meaning its 
radial distension in function of the applied transmural fluid pressure pT
Of the three directional moduli E
. 
r, Eθ and Ez, the circumferential modulus  Eθ
26
 is the 
most representative of this behaviour as it describes tissue stiffness in the direction 
in which the distension takes place [ ].  
In literature, Eθ
13
 is most often acquired from in vitro pressure-diameter experiments, 
in which a section of artery is perfused with a physiological liquid at different 
pressures while the evolution in vessel diameter is recorded [ , 31-34, 36]. The 
tissue viscoelasticity is eliminated by (i) inflating the vessel several times prior to 
the actual experiment or (ii) allowing the inflated vessel to stabilize for one hour at 
100 mmHg (13.3 kPa) prior to measurements.  
Specifically for arteries, the value for Eθ
36
 is determined via an incremental method. 
Bergel introduced the concept of incremental modulus in 1961 [ ]. Since it is 
difficult to describe a definition of strain based on the unstressed dimensions, he 
proposed to study successive deformations with successive increments of load and 
to define an incremental strain as the ratio of the deformation to the dimensions 
measured at the start of that deformation. As such, he refers to true strain instead of 
engineering strain. Including the assumption of incompressibility, the incremental 
modulus is then defined as: 
𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖 = 32 ∙ ∆𝑃𝑃∙𝑑𝑑𝑜𝑜∆𝑑𝑑𝑜𝑜 ∙ 𝑑𝑑𝑖𝑖2𝑑𝑑𝑜𝑜2−𝑑𝑑𝑖𝑖2     (5.1) 
with ∆P the pressure increment [MPa], do the outer diameter and di
Healthy systolic blood pressure in an adult human aorta varies between 80 and     
120 mmHg (10.7 and 16 kPa). Therefore, the incremental modulus at 100 mmHg is 
considered to be a physiologically relevant value for E
 the inner 
diameter of the perfused blood vessel.  
θ 13 [ , 31−33].   
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An overview of the values for Eθ Table 5-1 found in literature is presented in . These 
are all derived from Einc
 
 values at 100 mmHg, with the exception of Drangova et al., 
who recorded it at 90 mmHg.  
Table 5-1: Reported values for Eθ
 
 of arterial tissue. 
REFERENCE TISSUE Eθ
Bergel et al. [
 [MPa] 
36] Dog thoracic aorta 
Dog abdominal aorta 
Dog femoral artery 
0.43  
0.89  
0.69  
Gow et al. [31] Human coronary artery 2.3  
Learoyd et al. [32] Human femoral artery 3  
Drangova et al. [34] Human abdominal aorta 1  
Ryan et al. [33] Human thoracic aorta 
Human abdominal aorta 
1.7  
1.2  
Langewouters et al. [13] Human thoracic aorta 
Human abdominal aorta 
0.89  
1.21  
 
Even though some variations are noted between experimental results for similar 
tissue groups, an order of magnitude for the natural vessel’s Eθ
 
 can be defined and 
set as a target for future manufactured scaffolds.  
5. 3.  DIFFERENT MECHANICAL PROPERTIES OF VALVE LEAFLETS 
Like the arterial wall, the heart valve leaflet is an non-homogeneous anisotropic 
structure with non-linear mechanical properties [1, 37, 38]. As such, it is known to 
be remarkably difficult to determine a clear-cut set of mechanical properties for this 
complicated tissue [2, 37-39]. Often, linearity of the mechanical properties or 
isotropy of the tissue is assumed in order to simplify the characterization of the 
tissue [1, 40-45].  
Uni-axial tensile experiments have been conducted on strips of the valve leaflets, but 
these do not yield sufficient information on the physiological behaviour of the cusps 
[2, 37-39, 46-48]. Three other types of experiments are used for the characterization 
of heart valve leaflets: 
 
 Bi-axial stretching: bi-axial tensile experiments offer insight into the in-
plane stretching behaviour of the leaflets [2, 37, 49, 50]. However, they are 
difficult to perform and the test region is limited to a small central area of 
the leaflet due to boundary effects [51]; 
 Flexural tests: flexural tests are more oriented towards the physiological 
behaviour of the valve leaflet. The flexural properties are a measure for the 
open-close movement of the cusp. Three-point bending [2, 52], macro-
indentation tests [53] and cantilever bending [54] have all been applied; 
Chapter 5 Mechanical Properties of Cardiovascular Tissue 
 
 107 
 Local indentation: Cox and colleagues postulated that most of the cusp’s 
mechanical properties are defined by its collagen fibre network [55]. Local 
measurement of hardness and stiffness by indentation is applied as a 
measure of the tissue’s properties [55-57].  
Weinberg and colleagues proposed that the properties of biological tissue should be 
investigated at either the organ, tissue or cell scale, as shown in Figure 5-4,  and that 
the results will differ per investigation level [38]. For the aortic heart valve, the 
organ scale is that of the entire aortic valve, in which the three cusps are mounted in 
their physiological position. The tissue scale is made up of the individual cusps of a 
single valve and the cell scale is ruled by the SMC.  
It is the tissue scale which is of interest to the current study: how will the tissue as a 
whole respond under an applied load? How can a simple set of mechanical 
properties be formulated for the natural valve leaflet, to which a manufactured 
scaffold must be compliant? Such functional behaviour largely determines the 
suitability of a scaffold [39, 58, 59].   
 
 
Figure 5-4: The different scales for the mechanical properties of the aortic valve 
[38]. 
 
Even though bi-axial and local indentation experiments provide interesting 
information on the biomechanics of the leaflet, their results cannot immediately be 
translated to the comparison between natural leaflets and synthetic scaffolds. The 
flexural experiments would be the most useful in this context, as they approximate 
the physiological functionality of the valve tissue, namely a flexible opening of the 
valve caused by an applied blood pressure. Three-point bending and cantilever 
bending are discarded in favour of (macro-)indentation tests, because they are 
considered to have a more reliable fashion of clamping the tissue for testing [53]. 
Indentation test results for aortic heart valve leaflets are not widely described in 
literature, so a series of experiments will be set up to create a referential set of 
material properties for the tissue. In Chapter 6, leaflet scaffolds will be evaluated in 
the same manner.  
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5. 4.  FLEXURAL PROPERTIES OF VALVE LEAFLETS 
The flexural properties will be investigated for excised cusps of the porcine aortic 
heart valve, since it is considered to be representative for its human counterpart   
[38, 49, 50, 54]. Indeed, it is often used as a prosthetic for heart valve replacement 
[53, 60-65].  
The experimental work is based on a protocol developed by Narine and colleagues 
at University Hospital Ghent [53, 66]. The selection of this protocol addressed the 
major concern within this research that the developed test method had to be readily 
accessible for and reproducible by clinicians.  
 
5. 4. 1.  The flexural macro-indentation test 
The main principle of the flexural indentation test is shown in Figure 5-5. The tissue 
is fixed over a round hole and indented by a ball probe.  
 
 
Figure 5-5: A schematic representation of the indentation test. 
 
Three tissue properties are derived from the test: 
 Maximum load [N] (ML): the maximum load which can be applied to the 
cusp prior to rupture; 
 Extension at break [mm] (EXT): the depth of indentation by the probe at 
the moment of rupture (defined as a sudden decrease in load with 50%); 
 Stiffness parameter [N/mm] (ST): the slope of the linear section of the 
indentation-load curve. This is a measure for the stiffness of the tissue.   
ML and EXT describe the ultimate properties of the cusps. ST on the other hand 
describes the flexural response of the leaflet under an applied load and provides the 
most valuable information when considering the physiological functionality of the 
tissue.  
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5. 4. 2.  Development of a new sample holder 
In the method of Narine, excised valve leaflets are placed over a 6.1 mm hole in a 
base plate, onto which a matching top plate is then clamped. This is shown in  
Figure 5-6. The top plate slides over two guiding bolts, onto which wing nuts are 
then fixed to fasten both plates together, keeping the tissue in place. A rubber ring 
can be placed between tissue and top plate to (i) prevent slipping of the tissue and 
(ii) prevent damage of the tissue by the clamping force.  The assembly is then placed 
by hand under the probe of the tensile tester which will perform the indentation.  
 
 
 
Figure 5-6: The original setup for the indentation experiment [53]. 
 
The method has some disadvantages: 
 Preparation time: loosening and tightening of the wing nuts to change 
tissue samples is a time-consuming operation; 
 Alignment of the indentation hole: the manual positioning of the clamp 
plate with the tissue cannot guarantee a proper alignment between the hole 
in the plates and the descending indenter probe. Moreover, there will be 
variation in this alignment between tested samples.  
 Reproducibility of tissue placement: the placement of the tissue between the 
two plates will differ with every sample. This is somewhat mitigated by the 
fact that the size of an average porcine valve leaflet is such that there is 
only a small clearance of in-plane displacement within which the cusp still 
covers the entire hole of 6.1 mm.   
 Slipping of tissue: despites the use of a rubber ring between tissue and top 
plate, the cusp may still slip inwards during indentation. If this occurs 
abruptly, it can be identified in the load-displacement curve as a sudden 
increase in displacement without increase in force. Gradual slipping, 
however, cannot be tracked; 
 Tissue damage: the edges of the indentation hole are not blunted. This 
could lead to tearing of the cusp at the edges of the hole rather than around 
the ball probe.  
A new sample holder was developed to address these issues. It is shown in       
Figure 5-7(a) and depicted schematically in a sectional view in Figure 5-7(b). The 
positioning block (1) is fixed to the bottom side of the machine, as would be the 
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fixed clamp for tensile testing. As such the centre position of the block is 
automatically aligned with the centre position of the indenter probe. The holder table 
(2)  slides in and out of the positioning block; a notch in the side surface clicks over 
a spring-loaded bullet which is shown in Figure 5-7(c), ensuring a correct 
placement. Tissue samples (3) are placed over the central hole of the positioning 
table; slipping is further mitigated by placing the rubber sealing ring in a half sunk 
position into a circular groove. The top plate (4) with matching hole is slid over two 
guiding bolts and an extra positioning pin. Two special nuts fix the assembly 
together: a slanted bore allows the operator to slide the nut over the bolt until it 
reaches the plate, where the nut is then tightened with a half turn, fixing everything 
in place.  
 
 
Figure 5-7: (a) The new sample holder for indentation trials, with (b) a cross section 
of the holder assembly and (c) a detail showing the positioning system. 
 
The new sample holder addressed the issues of the previous setup as follows: 
 Reduced preparation time: use of the fastening nuts with slanted bore 
instead of wing nuts that must be screwed over the entire length of the bolt 
thread, permits a much faster exchange of tissue samples; 
 Automatic alignment: clicking of the holder table into the fixed positioning 
block automatically ensures a correct alignment of the indentation hole to 
the descending indenter probe. The small variation of fit which can be 
Chapter 5 Mechanical Properties of Cardiovascular Tissue 
 
 111 
incurred by the clearance of the spring-loaded bullet is negligible in 
comparison to the possible variation in cusp positioning over the indenter 
hole; 
 Reproducibility of tissue placement: this issue remains unsolved. Every 
cusp has different dimensions, so the addition of a sunken pocket that has 
the shape of the cusp is not possible;  
 Slipping of tissue: use of the rubber ring which is half-sunk into a circular 
groove will reduce in-plane slipping of the cusp compared to the original 
test setup by fixing the ring itself in place, but total lack of slipping cannot 
be guaranteed. Still, if slipping of the tissue were to occur abruptly, it 
would be identifiable in the load-indentation curve and could be 
disregarded in data processing;  
 Tissue damage: the edges of the indentation hole are blunted to avoid 
tearing under influence of the shear between tissue and plate rather than by 
the indenting force of the ball-probe.  
The new sample holder will be used for all experiments with a round indentation 
hole of 6 mm diameter. The chosen size of 6 mm will allow to position the leaflet 
tissue entirely over the hole as well as the surrounding sealing ring.  
 
5. 4. 3.  Materials and methods 
5. 4. 3. a.  Tissue samples 
Fresh adult porcine hearts were obtained from the slaughterhouse. The aortic valve 
leaflets were excised and conserved in saline solution till testing; this period was 
limited to maximum 24 hours to avoid structural degradation of the samples. The 
leaflet coronary position was noted for every sample: left coronary (LC), right 
coronary (RC) and non coronary (NC) cusp.  
5. 4. 3. b.  
All tests were performed at University Hospital Ghent, on a Lloyd material tester
General test conditions 
1
10
, 
with a ball probe of 4.45 mm in diameter and the new sample holder. An indentation 
speed of 25 mm/min was chosen for all experiments after consultation with the 
clinicians involved. The higher speed of 100 mm/min which was previously used by 
Narine resulted in an insufficient amount of measurement points per loading curve. 
Additionally, it was the opinion of the author that a lower strain rate would 
minimize the influence of the tissue’s viscoelasticity, even though it has been stated 
in literature that the rate of elongation has no effect on the cardiovascular tissue 
modulus calculated for the linear region of the strain response [ ]. This indentation 
                                                        
 
1 LF Plus Universal material tester (Lloyd Instruments, UK), with a software-
reduced sample rate of 1 kHz 
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speed is much lower than the physiological movement rate of a healthy valve cusp, 
which reportedly is between 50 and 160 mm/min [67], depending on the location 
within the cusp.  
A lower force limit of 0.1 N was set as the zero-indentation point for the cusp. 
Displacement of the ball-probe was recalculated to depth-of-indentation for the 
tissue based on these values. 
5. 4. 3. c.  
Supposing a certain viscoelasticity of the cusp tissue, it should be considered that the 
valve leaflet might require some preconditioning before reaching physiological 
operating conditions with respect to its flexural response. To determine the number 
of indentation cycles required for this, a number of cusps (n=6) were indented by the 
ball probe seven times. For each loading cycle, the ST value was calculated. The 
cusp is considered “in operating regime” when the value for ST no longer rises 
significantly compared to the previous indentation.   
7-cycle indentation test 
This experiment was conducted with a load cell of 10 N. A maximum force of 8.5 N 
was chosen, because (i) this keeps the experiment well within the reliable 
measurement region of the load cell and (ii) it is more than sufficient to comprise the 
physiologically relevant region (8.5 N distributed over a single cusp would 
correspond to a hydrostatic blood pressure of about 300 mmHg). Earlier experiments 
with the old sample holder confirmed that the cusps can withstand a flexural load 
well above 8.5 kN [68].  
5. 4. 3. d.  
The quasi-static indentation test was executed with a load cell of 10 N and a 
maximum force of 8.5 N. Based on the results from the 7-cycle test, the tissue was 
loaded by the ball probe three times,  after which physiological operating conditions 
are reached. Force and displacement of the ball probe were recorded for each cycle 
and used for calculation of ST1, ST2 and ST3, the ST values for the corresponding 
indentation cycle.  
Quasi-static indentation cycle 
Cusps were not preconditioned prior to testing. Twelve specimen were tested per 
coronary position (total n = 36). 
5. 4. 3. e.  
The static rupture test was performed with a load cell of 1 kN. The ball probe 
approached the centre of the hole till perforation, which was defined as a sudden 
decrease in load with 50%. Force and displacement of the ball probe were recorded 
and used for calculation of ML, EXT and ST. 
Static rupture test 
Two test groups were created: half the leaflets were preconditioned by the quasi-
static indentation cycle described above. The time interval between the quasi-static 
indentation tests and the static rupture test was about one hour: in this period the 
cusps were unloaded. The other half of the leaflets was tested without prior 
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conditioning. For each group, there were 6 specimen per leaflet position, amounting 
to a total of 36 tested valve leaflets.  
5. 4. 3. f.  Data processing 
Force-displacement results were exported from Lloyd software, at 16000 points per 
test for the 7-cycle indentation experiments, 6000 points per test for the quasi-static 
indentation cycle and 2000 points per test for the static rupture tests. They were 
loaded into Matlab 7.10 software2 Figure 5-8 and processed as illustrated in  for the 
static rupture of cusp RC1. The original curves were cut at the lower threshold value 
of F = 0.1 N (start of recalculating probe displacement to indentation) and at 
maximum load (ML). Displacement of the probe was converted to indentation and 
where relevant EXT was determined as the indentation level for load = ML. The ST 
parameter was calculated as the slope of the best-fitting first order curve in the linear 
area of the curve.  
Statistical analysis was performed with SPSS16 software3
 
, through either an 
independent sample t-test when comparing two groups or a one-way ANOVA test 
when comparing more groups, both with p=0.05 significance level.   
 
Figure 5-8: The data processing of the load-displacement curves for leaflets.  
 
 
                                                        
 
2 Mathworks, The Netherlands 
3 IBM, Belgium 
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5. 4. 4.  Quasi-static indentation cycle 
5. 4. 4. a.  Results of the 7-cycle indentation 
In order to determine the required number of indentation cycles before the 
physiologically relevant flexural tissue response is obtained, a 7-cycle indentation 
test is performed on six cusps. Subsequent indentations followed immediately after 
the previous cycle. Calculated ST(i) values per indentation cycle i are set out in a 
scatter plot in Figure 5-9.  
 
 
Figure 5-9: Scatter plot of the ST values for the 7-cycle indentation. 
  
The value of ST rises with about 50% between the first and second indentation for 
all cusps. A subsequent increase is observed between the second and third cycle, 
after which ST values appear to vary around the level reached for ST(3).  
Statistical analysis (independent t-test, significance level p = 0.05) confirms that the 
value of ST changes significantly from the first to the second cycle (p = 0.000) and 
from the second to the third cycle (p = 0.024). Comparing the loading behaviour 
from the third cycle on, however, demonstrates that there is no significant difference 
(one-way ANOVA, significance level p = 0.05) in the values of ST(3) to ST(7)       
(p = 0.081).  
 
The initial viscoelasticity which is observed over the first cycles, appears to be 
overcome from the third cycle on, after which the flexural load response has reached 
the physiologically functional level which is afterwards maintained. As such, the 
cusps’ viscoelasticity could be considered to be functionally irrelevant, something 
which has been previously stated in literature as well [2].  
For the quasi-static indentation cycle experiments which follow, it is decided to load 
the cusps with three indentation cycles and calculate ST for each cycle. 
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5. 4. 4. b.  Results of the cyclic indentation tests 
An example of the curves obtained from the quasi-static indentation cycle is shown 
in Figure 5-10 for LC1. The original data is reduced to the three increasing load 
curves for the different indentation cycles. From these three curves, ST1, ST2 and 
ST3 are derived for the linear region. Limited to the lower force range of 8.5 N, the 
physiologically representative J-shape of the curves can be clearly observed.  
 
 
Figure 5-10: The quasi-static indentation cycle for LC1. 
 
No distinction was made between the different coronary positions, since a one-way 
ANOVA revealed no significant differences between the LC, RC and NC groups for 
ST1 (p = 0.688), ST2 (p = 0.360) or ST3 (p = 0.406). As such, all results were 
grouped into a single set (n = 36). The different ST values per cycle are listed in 
Table 5-2.  
 
Table 5-2: Grouped ST results per indentation cycle. 
 
Cycle mean stdev 
ST1 [N/mm] 5.42 1.43 
ST2 [N/mm] 8.36 1.16 
ST3 [N/mm] 8.97 1.17 
   
Figure 5-11 shows the evolution in ST with every indentation cycle. Like it was 
previously observed, ST undergoes a large increase between the first and second 
cycle, after which a smaller step is made to the ST value of the third and final cycle. 
Once more, quite some variation is observed between the different natural valve 
leaflets.  
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Figure 5-11: ST results for the different cycles 
 
While ST1 represents the same manner of loading as for the static rupture tests 
without preconditioning, ST3 is representative of the functional flexural response of 
the cusp. It is this behaviour which must be emulated by manufactured scaffolds. 
Even though these values stem from so-called “dry” tests and the influence of blood 
flow and living SMC cannot be included, they are considered to be adequate for the 
analysis of heart valve dynamics [1, 44]. 
ST2 is a transitional value that will not be used when comparing synthetic scaffolds 
to natural leaflets.  
 
5. 4. 5.  Static rupture test 
5. 4. 5. a.  Non-preconditioned leaflets 
Some of the ruptured leaflets were inspected after rupture, which confirmed that 
they were broken by the ball probe and not at the edge of the hole in the sample 
holder. Only a small tear can be observed in the tested cusp in Figure 5-12(a); when 
stretching the tissue manually in Figure 5-12(b), however, a roughly circular hole is 
seen, through which the indenter probe has ruptured the cusp. Inspection of several 
leaflets demonstrated that the tear was always found along the circumferential 
direction of the cusp, which corresponds to the orientation of the collagen fibre 
bundles in the matrix.  
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Figure 5-12: (a) Valve cusp after static rupture test and (b) spreading of the failure 
region. 
 
The indentation-load curves for the non-preconditioned cusps are shown in      
Figure 5-13 for the LC cusps, in Figure 5-14 for the RC cusps and in Figure 5-15 for 
the NC cusps. There is quite some variation on the results; no two valves are the 
same, since they originate from different animals. The typical J-shape, which 
describes physiological behaviour, is observed during the first part of the load 
curves. The failure behaviour of the cusps is expressed by an additional final 
curvature, during which the ball probe widens the tear in the cusp until it can push 
through.  
 
 
Figure 5-13: Load-indentation curves for non-preconditioned LC cusps. 
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Figure 5-14: Load-indentation curves for non-preconditioned RC cusps. 
 
 
Figure 5-15: Load-indentation curves for non-preconditioned NC cusps. 
 
The calculated EXT, ML and ST mean values are given in Table 5-3. The standard 
deviation results confirm the large variations, especially for the LC cusps, where it 
reaches almost 50% for ML and around 30% for EXT and ST.  
 
Table 5-3:  Overview of the results for the non-preconditioned tissue. 
 
position EXT [mm] ML[N] ST [N/mm] 
LC         mean 
stdev 
3.56 
0.78 
14.88 
7.05 
6.20 
2.31 
RC         mean 
stdev 
3.03 
0.62 
11.33 
1.33 
5.30 
0.54 
NC         mean 
stdev 
3.18 
0.47 
12.94 
3.03 
6.42 
1.80 
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The local peaks in the indentation load curve, like the one which may be observed 
around 2.5 mm for NC16 in Figure 5-15, are attributed to failure of one or more 
collagen fibre bundles without structural failure of the entire leaflet. Small 
platforms, like the one observed for NC33 between 2.5 and 3 mm indentation, are 
attributed to slipping of the tissue in the sample holder.  
5. 4. 5. b.  Preconditioned leaflets 
The indentation-load curves for the preconditioned cusps are shown in Figure 5-16 
for the LC cusps, in Figure 5-17 for the RC cusps and in Figure 5-18 for the NC 
cusps. Similar observations can be made as for the non-preconditioned tissue. Once 
more, there is sizeable variation between the different curves. As with the non-
preconditioned cusps, the J-shaped course of the lower load areas is complemented 
by the additional curvature of the failure behaviour. 
 
 
Figure 5-16: Load-indentation curves for preconditioned LC cusps. 
 
 
Figure 5-17: Load-indentation curves for preconditioned RC cusps. 
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Figure 5-18: Load-indentation curves for preconditioned NC cusps. 
 
The calculated EXT, ML and ST mean values are given in Table 5-4. The standard 
deviation results confirm the large variations, especially for the values of ML.  
 
Table 5-4: Overview of the results for the preconditioned tissue. 
 
position EXT [mm] ML[N] ST [N/mm] 
LC         mean 
stdev 
3.08 
0.72 
14.76 
4.39 
7.25 
1.48 
RC         mean 
stdev 
2.97 
0.63 
14.45 
3.04 
7.74 
1.95 
NC         mean 
stdev 
3.17 
0.80 
16.04 
5.68 
7.64 
1.65 
 
5. 4. 5. c.  Effect of preconditioning 
In order to establish the possible influence of the preconditioning treatment, an 
independent sample t-test was conducted. The test yielded no statistical difference 
between the two groups for EXT (p = 0.405) and ML (p = 0.173). For ST, however, 
a significant difference was noted (p = 0.008).  
This implies that while the ultimate flexural properties of the cusps, described by 
ML and EXT, are unchanged by the preconditioning treatment, the physiologically 
relevant flexural response to loading, described by ST, is in fact affected by the prior 
loading of the tissue. The preconditioning treatment has a stiffening effect on the 
cusp, which is expressed in a significantly higher ST value. Since the excised 
leaflets no longer contain living SMC, this cannot be caused by a varying muscle 
tone. The phenomenon must therefore be regulated by the remaining passive tissue 
components and is an expression of the viscoelasticity of the extracellular matrix. It 
has been suggested in literature [2] that this viscoelasticity is caused by an internal 
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slipping mechanism which takes place between the different layers of the cups and 
might be regulated by non-collagenous components like proteoglycans. Even though 
the tissue was in an unloaded rest state for one hour between the preconditioning 
treatment and the static rupture test, there was no complete return to the stiffness 
properties of the unloaded tissue. This could be attributed to the lack of living SMC. 
5. 4. 5. d.  Relevance of coronary position 
Per test group (preconditioned or not), there does not appear to be a distinction 
between the results for the three coronary positions of the cusps. A one-way 
ANOVA test is done to investigate significant differences between the cusps 
positions for the values of EXT, ML and ST with a significance level of p = 0.05. 
The results are listed in Table 5-5. 
 
Table 5-5: Results of one way ANOVA for coronary positions.  
 
cusp type p (EXT) p (ML) p (ST) 
non-preconditioned 0.353 0.413 0.506 
preconditioned 0.882 0.812 0.871 
 
The test demonstrates that there is no significant statistical difference between the 
LC, RC and NC position for any of the measured properties, whether the tissue was 
preconditioned or not. As such, the distinction based on this coronary position is not 
required. The test results may be grouped into a single pool per test group, thus 
enlarging the sample count to 18 cusps per load group. The resulting values for 
EXT, ML and ST are listed in Table 5-6.  
 
Table 5-6: Grouping of EXT, ML and ST results per load group. 
 
PRECOND NO YES 
EXT [mm] 3.26 ± 0.64   3.07 ± 0.68 
ML [N] 13.05 ± 4.48 15.08 ± 4.29 
ST [N/mm] 5.97 ± 1.69 7.54 ± 1.61 
 
5. 4. 5. e.  Comparison to cyclic test 
A comparison between ST1 and the ST value from the static rupure test (further 
referred to as STstat Figure 5-19) is made in . Their mean values of 5.97 N/mm for 
STstat (n = 18) and 5.43 N/mm for ST1(n = 36) correspond well. Statistical analysis 
confirms the lack of significant difference between the two result groups                 
(p = 0.247). Even though STstat could apparently be derived from these cyclic 
experiments, the static rupture test will still be required for determination of the 
ultimate tensile properties EXT and ML.  
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Figure 5-19: Comparison between ST1 and STstat
 
.  
When comparing ST3 to the ST derived from the static rupture test of the 
preconditioned group (further referred to as STstat,PC Figure 5-20) in , there is a 
significant difference (p = 0.003) between these two property groups.  
 
 
Figure 5-20: Comparison between ST3 and STstat,PC 
 
. 
The mean value of ST3 (8.97 N/mm) is remarkably higher than that for STstat,PC
 
 
(7.54 N/mm). During the interval between preconditioning and static rupture, in 
which the cusps were unloaded, the viscoelastic properties of the cusps described 
earlier are responsible for maintaining some of the stiffening of the leaflets, but the 
functional level is no longer reached. 
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5. 5.  CONCLUSIONS 
Both the static rupture and the cyclic indentation experiments demonstrate that the 
coronary position of the cusp has no influence on its flexural mechanical properties. 
The ultimate flexural properties EXT and ML of the cusps were determined through 
a static rupture test. The tissue response to indentation was characterized by means 
of the indicative stiffness parameter ST, for both unloaded and adequately 
preconditioned valve leaflets.  
Preconditioning of the tissue has a considerable effect on the ST properties, which is 
indicative of the flexural behaviour under macro-indentation. From the unloaded 
state of an excised cusp, ST rises significantly over the first three load cycles, after 
which the functional response level is obtained. If the cusp is allowed to rest in an 
unloaded state for some time, initial properties of the unloaded tissue will be 
restored to some degree. For the rest period of one hour, this return to initial 
conditions was not completed. It was not considered within the scope of this 
research to investigate if a full recovery of the unloaded cusp properties eventually 
occurs and if so, after which amount of time, since it bears no relevance on the 
functional comparison between scaffolds an natural cusps.  
 
In order for synthetic scaffolds to qualify for use as tissue engineering substrates for 
the cusps, they must emulate the tissue’s properties listed in Table 5-7. Comparison 
of the ultimate flexural properties EXT and ML might yield interesting insights, but 
it is mostly the functional parameter ST that will determine flexural straining under 
physiological conditions.   
 
Table 5-7: Reference set of mechanical properties for aortic valve leaflets 
 
Tissue state EXT [mm] ML [N] ST [N/mm] 
unloaded 3.26 
± 0.64 
13.05 
± 4.48 
5.89 
± 1.70 
preconditioned  
(3 indentation cycles) 
- 
 
- 
 
8.97 
± 1.17 
 
The test method which would then be proposed for clinicians, is to load the cusp in 
flexural indentation twice to 8.5 N without recording any data, followed by an 
indentation to rupture, from which ML, EXT and an operationally representative ST 
value  may be determined.  
 
For the arterial wall, it is decided to compare the mechanical properties of tubular 
scaffolds to those of the natural blood vessel based on the circumferential modulus 
Eθ. Reported values for Eθ of the thoracic and abdominal aorta range between      
0.40 and 2 MPa, giving a clear indication of the order of magnitude which needs to 
be approximated by the scaffolds.  
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Chapter 6  
 
SCAFFOLDS FOR CARDIOVASCULAR TISSUE ENGINEERING 
In this chapter, PCL scaffolds are manufactured and evaluated for the 
replacement of both arteries and heart valve leaflets. Tubes for arteries are 
initially 3D plotted but testing them in a ring-open tensile experiment shows 
they are too rigid. A series of wound tubes yields more promising results, with 
increased porosity and Eθ
For heart valve cusps, thin leaflets are produced with different filament sizes 
and pattern angles. Flexural testing demonstrates that a stiffness factor of 
roughly 1.3 times those of the natural cusp can be achieved. In a final section, 
the processing of PCL blended with poly-(ethylene oxide) is investigated, with 
the aim to improve both the flexibility and the hydrophilicity of the polymer.  
 values closer to those of natural arteries.  
 
6. 1.  INTRODUCTION 
The previous chapters have studied the mechanical properties of the natural tissue 
which need to be emulated by their scaffold replacements, as well as of the            
3D plotting process and the characteristics of the PCL polymer material which is to 
be used for the manufacture of these scaffolds. The research now proceeds with the 
actual development of scaffolds for arterial tubes and heart valve cusps.  
For the use as tissue engineered blood vessels (TEBVs), tubular scaffolds with an 
inner diameter of 6 mm are manufactured in PCL; their mechanical suitability to 
serve as a TEBV is investigated based on the evaluation of Eθ
Scaffolds for aortic heart valve cusps are produced as flat sheets. Parts with different 
filament sizes and layer orientations will be submitted to a preliminary suitability 
trial, from which a selection of geometries will be made for further investigation. 
Leaflet scaffolds are then subjected to the same static rupture and quasi-static cyclic 
indentation protocols as were considered for the natural cusps in Chapter 5 and their 
results will be compared.   
 in a tensile ring-open 
experiment.  
 
Attaining the very pliant properties of the natural tissue with synthetic scaffolds 
would be further facilitated if the polymer PCL itself were more flexible. To this 
end, blends with poly-(ethylene oxide) (PEO) are considered for processing with  
3D plotting into scaffolds. The low-molecular weight component PEO is meant to 
reduce the flexural stiffness as well as attenuate the inherent hydrophobicity of PCL. 
Scaffold series are manufactured from blends with three different PEO 
concentrations, after which the distribution of both polymer fractions in the plotted 
filaments, the wettability of the scaffold surface and the flexural mechanical 
properties are investigated to evaluate the usefulness of this strategy.  
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6. 2.  THE RING-OPEN TENSILE TEST 
To make a comparison with the mechanical properties of the natural artery, as 
defined in Chapter 5, it is necessary to determine the circumferential modulus Eθ
1
 of 
the tube scaffolds. The method used here is a tensile ring-open experiment, which 
was introduced by Lillie et al. [ ] for determining the properties of arterial tissue 
components and has been widely adopted for the characterization of TEBV [1-9]. 
Additionally, an equivalent hydrostatic pressure can be extrapolated from this 
relatively simple experiment. The principle of the experiment is illustrated in   
Figure 6-1(a). 
 
 
Figure 6-1: (a) Principle of the ring-open test [5]  and (b) definition of l0 1 and l [ ].  
 
A tube or ring segment is mounted on a double pin setup and a tensile force is 
applied to the pins. As the tube is strained, the tensile force translates to stress in two 
circumferential sections of the tube wall. As such, the area A0
𝐴𝐴0 = 2 ∙ ℎ ∙ 𝑙𝑙𝑡𝑡   [𝑚𝑚𝑚𝑚²]     (6.1) 
 which is used for 
engineering stress is: 
with h the wall thickness of the tube [mm] and lt the tube length [mm]; the 
circumferential stress σθ in A0
𝜎𝜎𝜃𝜃 =  𝐹𝐹𝐴𝐴0   [𝑀𝑀𝑀𝑀𝑀𝑀]     (6.2)  is then: 
with F the tensile force applied to the pins [N].  
 
As shown in Figure 6-1(b), the start length l0
𝜀𝜀 =  𝑙𝑙−𝑙𝑙0
𝑙𝑙0    [−]     (6.3) 
 is calculated as half of the 
circumference of the tube and strain is determined in relation to this length.  
with l0
Finally, the circumferential modulus of the tube is derived as the slope of the stress-
strain curve in the linear area: 
 the start length [mm] and l the length for a given stress level [mm]. 
𝐸𝐸𝜃𝜃 = ∆𝜎𝜎𝜃𝜃∆𝜀𝜀  [𝑀𝑀𝑀𝑀𝑀𝑀]             (6.4) 
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with ∆σθ
 
 the change in stress [MPa] and ∆ε [-] the change in strain over the chosen  
linear interval. 
The value of σθ
Figure 6-2
, derived from the ring-open test, is related to an equivalent 
hydrostatic pressure p, as illustrated in .  
 
Figure 6-2: The relation between transmural hydrostatic pressure p and 
circumferential stress σθ 10 in the vessel wall. Adapted from [ ].  
 
For thin tubes (if the ratio dout
11
/h is ten or more), the abstraction to a thin-walled 
pressure vessel can be made and the following relation between circumferential 
tensile stress and equivalent internal fluid pressure is derived [ ]: 
𝜎𝜎𝜃𝜃 ,𝑝𝑝 = 𝑝𝑝∙𝑑𝑑𝑜𝑜𝑜𝑜𝑡𝑡ℎ   [MPa]   (6.5) 
𝜎𝜎𝜃𝜃 ,𝑡𝑡 = 𝐹𝐹2∙ℎ∙𝑙𝑙𝑡𝑡    [MPa]   (6.6) 
with: 
 σθ,p
 σ
 the circumferential stress [MPa] induced by an internal fluid pressure p 
[MPa]; 
θ,t
 p the internal fluid pressure in the tube [MPa]; 
 the circumferential stress [MPa] induced by the tensile ring-open test 
[MPa]; 
 dout
 h the wall thickness of the tube [mm]; 
 the outer diameter of the tube [mm]; 
 F the tensile force of the ring-open test [N]; 
 lt
By equating σ
 the tube length [mm]. 
θ,p to σθ,t
𝑝𝑝 = 𝐹𝐹2∙𝑙𝑙𝑡𝑡 ∙𝑑𝑑𝑜𝑜𝑜𝑜𝑡𝑡      (6.7) 
, an equivalent fluid pressure level can be calculated from the 
applied tensile force and the dimensions of the tube: 
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As can be seen in Figure 6-1(b), the tube will flatten during the initial stage of the 
ring-open test. Therefore, it merits questioning whether the observed straining 
behaviour of the tube is in fact accurate for the lower force levels and whether it not 
simply the flattening of the tube which is observed. To verify this, an exploratory 
test was conducted, where tubes with an inner diameter of 6 mm were mounted over 
two half circles, with an outer diameter of 5.9 mm, instead of over two pins. During 
the tensile testing, the tubes were unable to collapse, as their circular shape was 
maintained by the semicircular shape of the clamp extensions and thus the 
deformation was limited to the two cross section of the tube wall indicated in Figure 
6-2 for the calculation of σθ. These results were found to be similar to those of tubes 
mounted over the double-pin setup, which were subjected to a preload level of 0.1 N 
(to bring the tube under tension, which results in the flattening of the tube). It was 
found that the stress-strain curves were sufficiently similar and that the simpler 
double-pin setup could be used for the determination of Εθ
 
. 
6. 3.  3D PLOTTING OF TUBES FOR ARTERIES 
6. 3. 1.  Production of sample series 
A summary of the processing parameters used for the 3D plotting of tubes with PCL 
CAPA 65001 Table 6-1 is given in ; they are the result of an experimental parameter 
optimization as was described in Chapter 2. The dispense head temperature was set 
to 110°C, which is 50°C above the Tm
The programmed part geometry had an inner diameter (d
 of the used PCL. This high value is chosen to 
overcome the viscosity of the PCL polymer melt, so that it will flow easily through 
the thin (and colder) needle section of 180 µm. Given the excellent thermal stability 
of PCL, this elevated temperature posed no problem to the material’s structural 
integrity.  A good F/S ratio was obtained for F = 80 mm/min and S = 22 rpm.  
in) of 6mm, a wall thickness 
(h) of 0.5mm and a tube length (lt
12
) of 5mm. During previous own measurements on 
segments of porcine thoracic aorta, an outer diameter around 6 to 7 mm was found 
and an average wall thickness of about 1 mm. These tubes are designed with a 
thinner wall thickness of 0.5 mm for the sake of flexibility. However, this value is 
still considered within the normal vessel wall thickness for arteries [ ]. The 
scaffolds were produced with three different pattern angles: 45°, 30° and 15°. These 
series are labelled ‘3Dplotted-45’, ‘3Dplotted-30’ and ‘3Dplotted-15’ respectively.  
 
 
 
                                                        
 
1 Perstorp, UK 
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Table 6-1: The processing parameters for the 3D plotting of PCL tubes. 
 
parameter value 
Temperature 110°C 
Needle ID 180 µm  
Layer thickness LT 160 µm 
Strand distance SD 320 µm 
Feed (XY) F 80 mm/min 
Screw speed S 22 rpm 
Dispense pressure 5 bar 
Meander  ON 
Corner delay OFF 
Preflow 0.5 s 
Postflow 0 s 
Outer contour OFF 
Table heating OFF 
 
The measurement of the dimensions h and lt 
Table 6-2
is done with a digital calliper. An 
overview of their measured values is given in . All dimensions remain 
within an acceptable standard deviation of less than 1% for height and less than 5% 
for wall thickness, which speaks well for the reproducibility of the manufacturing 
technique.  
 
Table 6-2: Dimensions lt
 
 (tube length) and h (wall thickness) of the 3D plotted 
tubes. 
tube type dimension tube1 tube2 tube3 mean stdev 
3Dplotted-45 lt 5.01  [mm] 5.00 5.03 5.01 0.02 
 h [mm] 0.52 0.51 0.54 0.52 0.02 
3Dplotted-30 lt 5.02  [mm] 5.04 5.01 5.02 0.02 
 h [mm] 0.52 0.51 0.54 0.52 0.02 
3Dplotted-15 lt 5.01  [mm] 5.01 5.00 5.01 0.01 
 h [mm] 0.53 0.54 0.52 0.53 0.01 
 
The manufactured scaffolds are further evaluated visually with a 3D microscope2
Figure 6-3
; 
images of a scaffold with pattern angle 45° are shown in .  
During the visual evaluation some drawbacks of the 3D plotting method are revealed 
concerning the production of tube scaffolds.  
                                                        
 
2 Keyence VHX 500 microscope (Keyence, Belgium) 
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For one, the layer-wise production method effectively limits polymer filament 
distribution to the individual layers; there is no continuous filament in the 
longitudinal/axial direction of the tube. This may cause delamination of the scaffold 
layers when axially loading the tube, as would be the case for suturing the TEBV 
into position or mounting it on a bioreactor for conditioning. Moreover, it will most 
likely lead to a high Eθ
 
, which is not desirable for arterial replacements.  
 
Figure 6-3: Visual evaluation of a 3Dplotted-45 scaffold. (a) 3D view, (b) side view, 
(c) top view and (d) enlargement of the selection in (c). 
Secondly, the dispense head is forced to manoeuvre back and forth in the thin 
section of the tube wall, which leads to a very dense structure with little to no 
remaining porosity in the scaffold wall. This is highlighted in Figure 6-3(d).  
Finally, in every layer there are two sections of the tube wall in which the deposited 
filament does not meander back and forth within the wall thickness, but draws a 
straight line. The phenomenon is inherent to the post-processor, which attempts to 
deposit as much continuous filament as possible in the direction aligned to the 
current layer orientation. This straight line is repositioned in each subsequent layer 
according to the stacking angle. Hence, a 45°-stacked tube will display this anomaly 
every 4th layer and within 4 longitudinal sections of the tube, whilst a 15°-stacked 
part will only exhibit it every 12th
n
 layer for a single wall section, but also in 12 
different locations. This phenomenon can be summarized as follows: 
w
with α the scaffold stacking angle and n
 = 360/α      (6.8) 
w
The thin elongated filaments on the inside of the tube, which can be seen in     
 both the number of wall sections in the 
circumference where and every how many layers the weakness occurs within these 
sections. 
Figure 6-3(a) and (c), are created by the movement of the dispense head whilst it is 
not extruding any material. The polymer melt’s viscosity results in some material 
being drawn along the path of the dispense head. These strands have no further 
impact on the properties of the tube, but might cause complications when perfusing 
the tube scaffold as a TEBV in a bioreactor, or when seeding cells onto the scaffold.   
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6. 3. 2.  Mechanical properties of 3D plotted PCL tubes 
6. 3. 2. a.  Methods  
The mechanical evaluation of the tube scaffolds was done on a INSTRON tensile 
tester3
Figure 6-4
, with a load cell of 10 N. Tubes were mounted over a double pin setup, which 
is shown in .  
 
 
Figure 6-4: The ring-open tensile testing setup. 
 
Different test speeds have been used in literature for this experiment, ranging from 
20 mm/min [1] for natural tissue to 12 mm/min [3], 2 mm/min [5] or 1 mm/min [2] 
for collagen or fibrin-based TEBV. While the rate of deformation reportedly does 
not affect the results for natural tissue [1], this cannot be applied to semi-crystalline 
polymer materials, which are susceptible to strain hardening. For this experiment, a 
test speed of 10 mm/min was chosen, a value which has been used in literature for 
the evaluation of polymer-based TEBV by the group of Bowlin [13]. Prior to testing, 
the tubes were pre-strained to 0.1 N and this position was used as the zero-
elongation point. Because polymers are prone to strengthening by drawing, it was 
the intention to pre-cycle the tubes to 10 N for several cycles. However, a plastic 
deformation was observed during the first loading cycle, as well as the failure of 
some filaments in the scaffold and thus preconditioning was abandoned.  
Finally, the circumferential modulus Eθ
                                                        
 
3 INSTRON 5565 tensile tester (Instron, Belgium)   
 was determined from a single tensile 
loading cycle and this for three tubes per scaffold type, of which the results were 
averaged. The start length as well as the derived elongation and modulus were 
calculated as discussed earlier for the ring-open tensile method. 
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6. 3. 2. b.  Results 
The results for the ring-open tests of the scaffold tubes are shown in Figure 6-5. The 
scaffolds’ stress-strain curves follow a slanted J-shape, although some display only a 
small amount of straining in the lower stress region. The J-shape is a typical 
characteristic of the physiological stress-strain behaviour of natural cardiovascular 
tissue. Even if the slope of the up going curve is higher here than for natural arteries,  
it is quite promising that PCL types can at least achieve the same type of behaviour.  
It must be noted, however, that the curves do not appear to be grouped distinctly 
together per scaffold type. As this variation between curves is the smallest for the 
3Dplotted-15 series, in which the structural weakness is distributed the best along 
the tube wall, they are attributed to the possible changes in the location of the 
structural weakness in relation to the pins during testing. No specific orientation for 
mounting the tubes over the double-pin setup was applied, as it was presumed that 
the local structural weakness of the straight filament in every nwth
 
 layer would be 
sufficiently spread out over the 32 layers of the scaffolds, which evidently is not the 
case. 
 
Figure 6-5: Stress-strain curves for the 3D plotted tubes. 
 
For each scaffold, the values for Eθ
Table 6-3
 were determined from the linear part of the 
curve (σ > 1 MPa). They are listed in , along with a mean value for each 
scaffold type. The 3D plotted tubes exhibit stiffness values between 16 and 26 MPa, 
which is over ten times the highest modulus value reported for arterial tissue in 
Table 5-1.  
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Table 6-3: Results of the tensile testing for 3D plotted tubes. 
 
scaffold type E
[MPa] 
tube1 E
[MPa] 
tube2 E
[MPa] 
tube3 E
[MPa] 
mean stdev 
[MPa] 
3Dplotted-45 18.05 16.38 19.36 17.93 1.49 
3Dplotted-30 17.11 19.5 21.17 19.26 2.04 
3Dplotted-15 22.68 23.63 25.16 23.82 1.25 
 
Stiffness tends to rise with a diminishing stacking angle. As shown in Figure 6-6, 
visual inspection of these scaffolds after testing reveals a peculiar mode of straining: 
a plastic deformation is observed within a single section of the tube wall as well as 
some failed filaments. One may note from Figure 6-6(c) that exactly every nwth
 
 layer 
is broken, causing the tensile force to be redistributed over the remaining scaffold 
layers and further weakening the structure. This section corresponds to one of the 
locations of the straight-deposited filament discussed above, confirming them as 
influential flaws in the wall structure. As the local weakness is more spread out over 
the tube wall, circumferential stiffness rises.  
 
Figure 6-6: Visual inspection of a cut-open tube scaffolds (a) before and (b) after 
tensile testing. (c) is an enlargement of the selection in (b).  
 
6. 3. 2. c.  Discussion 
To obtain a flexible tube scaffold, there appear to be several disadvantages to 
structures created by conventional 3D plotting.  
Despites a suitably J-shaped stress-strain curve, 3D plotted tube scaffolds for TEBV 
display a circumferential stiffness which is much too high when compared to natural 
arteries, due to a very dense wall structure and the layer-wise assembly. They do not 
include a continuous fibre throughout the tube height and the structural weakness 
induced by the periodical deviation from the meandering pathway within a layer 
causes them to partially fracture and then deform plastically during loading. It is 
possible to minimize this flaw by using smaller stacking angles, distributing the flaw 
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along the tube circumference but this leads to overall stronger and stiffer tubes, 
exactly the property which should be attenuated for use as a functional TEBV. The 
lack of wall porosity will equally have a negative effect on nutrient transport and 
cell migration throughout the scaffold.  
 
6. 3. 3.  Conclusions 
The 3D plotted PCL tubes are too stiff to be used as a functional TEBV. As this is 
observed to be caused by the properties of the manufacturing process itself, the 
conventional 3D plotting method is considered unsuitable for the fabrication of 
flexible scaffold tubes for a TEBV.  
 
 
6. 4.  WINDING OF TUBES FOR ARTERIES 
In order to overcome the difficulties posed by conventional 3D plotting for obtaining 
flexible tube scaffolds, the possibility of tube winding is investigated. Instead of 
building up the scaffold layer by layer, the filament which is extruded from the 
dispense head could be coiled over a rotational axis in a helical fashion. The result 
would be a porous tube with continuous fibres along the tube length.  
 
6. 4. 1.  Rotational axis for winding on the BioScaffolder 
A rotational cylindrical axis4
Figure 6-7
 was added to the BioScaffolder setup. It was placed 
next to the plotting table and aligned to the Y direction of the machine, as shown in 
(a). The cylinder is positioned just below the table height, so that the 
needle of the dispense head cannot accidentally contact the cylinder when moving 
towards the plotting table.  
Tubes are wound over the axis as illustrated by Figure 6-7(b): the dispense head 
moves back and forth in the Y direction over the axis, rotating at a speed Sra
                                                        
 
4 SysEng, Germany 
 which 
is set by the operator. 
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Figure 6-7: (a) The rotational axis, which is placed next to the plotting table and (b) 
winding of a tube over the rotational axis.  
 
By varying the dispense head feed F [mm/min] and the rotational speed Sra
Figure 6-8
 [rpm], 
different winding patterns may be accomplished for the manufactured tube. As is 
illustrated in  on the theoretical geometry of a cut-open tube, the winding 
angle φ is determined as: 
𝑡𝑡𝑡𝑡 𝜑𝜑 =  2𝜋𝜋𝜋𝜋𝐹𝐹
𝑆𝑆𝜋𝜋𝑀𝑀�
 [°]     (6.9) 
With F/Sra
 
 the winding pitch (= the lateral distance the dispense head has moved 
during one revolution of the axis) [mm/round] and r the radius of the rotational axis 
[mm].  
 
Figure 6-8: Relation between winding pitch F/Sra
 
 and winding angle φ.  
The proportion F/Sra
Figure 6-9
 should be kept within limits, though: if it is too high, filaments 
will break off during winding and should it be too low, filaments will be stunted 
together as shown in .  
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Figure 6-9: A wound tube scaffold with a too-low F/Sra
 
 proportion.  
The rotation speed of the extrusion screw S [rpm] must also be tuned to the desired 
material output. High winding speed settings will require an elevated material 
output, which is realized by increasing S.  
 
To accomplish a wound tube, it is necessary to create user-specific G-coded 
programs for the PrimCam software interface, as the following features, which 
cannot be achieved by loading a 3D part into the software, are required: 
 The movement of the dispense head is strictly restricted to the Y direction; 
 To obtain tubes with combined winding angles, different feed speeds F 
must be used in the same program; 
 For a good deposition of the wound filament, the dispense head may not be 
moved upwards after every Y-movement (which is the case when 
automatically slicing a part); 
 It must be possible to build in wait times, in which the dispense head is 
idle. During this interval, the axis rotates on but no material is deposited. 
This is typically used to avoid that all filaments are deposited on top of 
each other instead of in between to form a wound grid. 
The porosity of the tube is determined by a combination of the F/Sra
 
 proportion, the 
placement of the filament in the consequent passes (in between or on top of one 
another) and the number of passes which is made back and forth by the dispense 
head. 
6. 4. 2.  Winding of tubes 
Tube scaffolds were plotted in PCL5
Figure 6-10
 over a polished stainless steel axis of 6 mm in 
diameter. Contrary to 3D plotted tubes, this resulted in a smooth internal side of the 
tube and an open lumen, as shown in . The desired dimensions included 
a wall thickness h = 0.5 mm and tube length lt
 
 = 10 mm.  
                                                        
 
5 CAPA 6500 (Perstorp, UK) 
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Figure 6-10: Top view of a wound tube.  
 
The wound tubes were produced with the same settings for temperature (110°C), 
dispense pressure (5 bar) and spindle speed S (22 rpm) as the 3D plotting scaffolds.  
Three tube series were created: one with a low pitch (wound-low), one with a high 
pitch (wound-high) and a series in which the high pitch settings were used for the 
inside layers of the tube and the low pitch settings for the outer layers (wound-C).    
The parameters specific to the winding process are listed in Table 6-4; these include 
axis rotation speed Sra, dispense head feed F, the resulting winding angle φ and the 
time tidle
 
 during which the dispense head was kept idle in between consecutive back-
and-forth movements. Contrary to with the 3D plotting of additive layers (as 
described in Chapter 2), the spindle speed S is not changed in function of the 
dispense head’s feed speed F. Given the slow rotational speed of the rotating axis, 
the “pulling” influence of an increased F is not as large as with 3D plotting  
Table 6-4: Winding parameters for the tube scaffolds.  
 
tube type Sra F [mm/min]  [rpm] φ [°] tidle
Wound-low 
 [ms] 
3 10 80 261 
Wound-high 3 80 55 1428 
Wound-C 3 10/80 80/55 261/1428 
 
 
Figure 6-11 shows the three types of wound scaffolds, next to a 3D plotted scaffold 
for comparison. The tube wound with a low pitch (wound-low) in Figure 6-11(b) 
turns out to be a rather dense and closed structure, not unlike the 3D plotted tubes. 
The tube wound under 55° (wound-high) in Figure 6-11(c), displays an increased 
porosity in the tube wall. Finally, porosity in the tube with combined winding angles 
(wound-C) shown in Figure 6-11(d), is reduced by the density of the outer layer, 
which will affect the final pore size and geometry.  
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All of the wound tubes are made up of continuous polymer fibres over the entire 
length of the scaffold. These wound tubes feel much more pliant to the touch than 
their 3D plotted counterparts, hinting at lower elastic modulus values.  
 
 
Figure 6-11: (a) Tube made by conventional 3D plotting and tubes from the winding 
series (b) wound-low, (c) wound-high and (d) wound-C. 
 
The measurement of the dimensions h and lt 
Table 6-5
is done with a digital calliper and all 
tubes are weighed. An overview of the measured values is given in . There 
is very little variation, with standard deviations lower than 1 % on lt
 
 and below 4 % 
on the thin wall section h and the mass. It is noted that the wound-low scaffolds 
contain the largest amount of material.  
Table 6-5: Dimensions lt
 
 (tube length), wall thickness (h) and mass (m) of the 
wound tubes. 
tube type property tube1 tube2 tube3 mean stdev 
Wound-low lt 9.53  [mm] 9.63 9.54 9.57 0.06 
 h [mm] 0.52 0.48 0.51 0.50 0.02 
 m [mg] 32.17 31.33 32.31 31.94 0.53 
Wound-high lt 9.08  [mm] 8.97 9.04 9.03 0.06 
 h [mm] 0.54 0.53 0.52 0.53 0.01 
 m [mg] 28.96 29.01 29.26 29.08 0.16 
Wound-C lt 9.65  [mm] 9.70 9.71 9.69 0.03 
 h [mm] 0.52 0.48 0.51 0.50 0.02 
 m [mg] 27.42 26.79 28.31 27.51 0.76 
 
The values of the resulting tube lengths are between 9 and 10 mm, below the set 
value of 10 mm. This is attributed to contraction of the PCL filaments along their 
fibre length during cooling. The effect is most pronounced for the wound-high 
scaffolds, for which the orientation of the filaments is nearest the longitudinal 
direction of the tube.  
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6. 4. 3.  Mechanical properties of the tubes 
The wound tubes were subjected to the ring-open tensile test, according to the same 
methods used earlier for the 3D plotted scaffolds. The results can be seen in     
Figure 6-12: the curves display much higher reproducibility per tube type than for 
the 3D plotted parts and it is clearly observed how a lower winding pitch results in a 
steeper curve slope.  
 
 
Figure 6-12: Stress-strain results for the wound tubes. 
 
For each scaffold, the values for Eθ
Table 6-6
 were determined from the linear part of the 
curve (σ > 0.4 MPa). They are listed in , along with a mean value for each 
scaffold type.  
 
Table 6-6: Results of the tensile testing for wound tubes. 
 
tube type E
[MPa] 
tube1 E
[MPa] 
tube2 E
[MPa] 
tube3 E
[MPa] 
mean stdev 
[MPa] 
Wound-low 12.11 13.38 12.31 12.60 0.68 
Wound-high 4.24 4.59 4.75 4.53 0.26 
Wound-C 7.57 8.01 7.62 7.73 0.24 
 
The wound scaffolds have remarkably lower modulus values than their 3D plotted 
counterparts. The winding angle (and thus wall density) has a clear influence on the 
elastic properties of the scaffold. Tubes from the wound-high series, which have 
both the largest porosity and winding angle display the lowest value for Eθ.  
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The open structure of the wound-high series attains a circumferential modulus value 
of 4.53 ± 0.26 MPa, less than a quarter of the stiffness of the tubes from the 
3Dplotted-45 series. Even the wound-low series,  which is closest in structure to the 
dense 3D  plotted tubes, displays a distinctly reduced modulus of 12.60 ± 0.68 MPa. 
The wound-C series with combined winding angles displays values between those of 
its separate composing structures, with Eθ
There is less variation in modulus values between samples within the different 
wound series than within the 3D plotted series and the tubes did not display plastic 
deformation after tensile testing. 
 =  7.73 ± 0.24 MPa.  
 
6. 4. 4.  Discussion 
A comparison of the results for Eθ
Figure 6-13
 between the 3D plotted and the wound tubes is 
visualized in , including the literature values for Eθ
 
 of the natural artery.   
Figure 6-13: Comparison of the Eθ
 
 values for 3D plotted and wound tubes. 
Winding of tube scaffolds obviously offers better perspectives for obtaining a good 
TEBV than 3D plotting, both in terms of wall porosity and Eθ
It is clear from visual inspection that the tubes are more porous than their plotted 
counterparts. Such porosity may be fine-tuned by playing with dispense head feed 
and speed of the rotational axis, working towards either larger or smaller pores. Both 
this porosity and the directional orientation of the polymer filaments lead to lower 
.  
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values for the circumferential modulus. The most pliant result was obtained for the 
wound-high series, with an average modulus of 4.53 MPa. While this does not yet 
emulate the low stiffness values of the arterial tissue, it most certainly indicates that 
this adapted production technique is a step forward in creating flexible tube 
scaffolds for TEBV with synthetic polymer materials.  
A useful advantage of the winding technique which is evident from these simple 
experiments is the presence of a continuous fibre over the entire tube length, 
resulting in a more homogeneous straining behaviour instead of local failure. Lack 
of  this localized structural weakness also ensures a smaller variance in the stiffness 
results. 
Finally, the winding of tubes over a rotational axis ensures an open tube lumen as 
opposed to the tangle of drawn filaments which could be observed to clutter the 
inside of the 3D plotted scaffolds.  
 
6. 4. 5.  Conclusions and prospects 
 With these experiments, it was demonstrated that the winding method for tube 
scaffolds is not only viable but also produces distinctly more flexible products than 
conventional 3D plotting. This makes them more suitable as a replacement for the 
very elastic natural arterial tissue, even though close approximation of the 
circumferential modulus of arteries was not yet achieved. Further research should 
delve into attaining these low elastic moduli by adapting filament sizes, processing 
parameters and winding patterns. 
 
Reviewing the literature on the subject, it would seem that two of the main 
approaches for constructing a TEBV may be advancing towards one another. 
Synthetic polymers are generally too stiff, but adequate processing through filament 
winding or electrospinning on a rotating mandrel [14-17] is able to produce 
increasingly flexible structures. On the other hand, biological polymer-based 
endeavours like collagen-based scaffolds for TEBV, which display a much greater 
attractiveness to cells, have proven to be too weak in terms of tensile properties     
[4, 18-21] but researchers are able to gradually improve these properties, for 
example by mechanical preconditioning [4, 7]. Perhaps hybrid scaffolds which 
combine a synthetic polymer backbone for strength with natural material for 
flexibility and cell interaction will turn out to be a feasible solution for this intricate 
challenge of creating a functional TEBV, both towards cell interactions and 
mechanical behaviour. Efforts have already been made in this direction, reporting 
tensile moduli of 3.8 MPa for an electrospun PCL/collagen combined scaffold [22].  
 Micro-Extrusion of Thermoplastics for 3D Plotting of Scaffolds 
 
 146 
6. 5.  3D PLOTTING OF LEAFLETS FOR HEART VALVES 
6. 5. 1.  Preliminary suitability tests 
The scaffold series which was produced in Chapter 2 to determine the precision and 
reproducibility of the 3D plotting technique, is further used here to investigate 
whether sheet-like PCL scaffolds could be suitable for use as a functional 
replacement for heart valve cusps.  
6. 5. 1. a.  Introduction 
The scaffolds series, which include combinations of six filament sizes and two 
different stacking angles, are submitted to the flexural indentation test described 
previously in Chapter 5. These experiments were conducted at an early stage and 
according to the original method of Narine [23] instead of with the new specimen 
holder, which was developed afterwards. As such, no effective comparison can be 
made towards the mechanical properties of the natural valve leaflets. Nevertheless, 
this preliminary test will be able to compare the properties of the different scaffold 
geometries to one another, enabling a selection of which scaffold geometries will be 
further investigated and which will be discarded for this application. The scaffold 
geometries which are selected for further research will then be tested using the new 
sample holder.  
6. 5. 1. b.  Methods 
Scaffolds were tested on Lloyd LF Plus universal material tester6, where they were 
fixed over a round opening with diameter 11.07 mm, and loaded until break with a 
spherical indenter (diameter 6.35 mm) at a speed of 100 mm/min. To ensure contact 
between ball probe and scaffold, a preload level of 0.1 N was used as the zero-
indentation point. Force-displacement results were transferred to Matlab software7
Per series, three scaffolds were tested and their results averaged. Statistical analysis 
was performed with SPSS16, through either a simple t-test (2 groups) or a one-way 
ANOVA test (more than 2 groups), both with p=0.05 significance level.   
, 
with 500 measurement points per experiment and used for further determination of 
the parameters ML, EXT and ST. The curves were cut at maximum load and 
displacement of the probe was converted to depth-of-indentation ∆x [mm]. The ST 
parameter was calculated as the slope of the best-fitting first-order curve in the linear 
ascending area of the curve.  
After mechanical testing, the scaffolds were evaluated visually using a                   
3D microscope8
                                                        
 
6 Located at University Hospital Ghent (Lloyd, Belgium) 
.  
7 Matlab 7.10 (Mathworks, The Netherlands) 
8 Keyence VHX 500 (Keyence, Belgium) 
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6. 5. 1. c.  Results  
An overview of the results for ML, EXT and ST is given in Table 6-7; they are listed 
as mean value and estimated standard deviation for each of the different scaffold 
series and provide a basis of comparison between the scaffold series.  
As could be expected, the scaffolds with smaller FD exhibit lower values for ML. At 
first sight, there does not appear to be any difference between scaffolds from the 45- 
and 90-series of the same FD, yet t-test indicates a significant difference for the 27g 
(p = 0.046) and 28g (p = 0.024) series. A remarkable result is that the scaffolds 
would seem to be divided into two classes, with high ML values (ML > 40 N) for 
22g to 25g scaffolds and lower ML values (ML < 26 N) for 27g to 31g scaffolds. 
No defining trend can be established for the value of EXT. Scaffold layer orientation 
and FD seem to have no influence on the extension at break, which is confirmed by 
statistics. There is no significant difference for varying FD within the 45°                
(p = 0.063) or 90° group (p = 0.796), nor even between the grouped results for all 
the 45° and 90° stacked scaffolds (p = 0.131).   
 
Table 6-7: Overview of the results for mechanical properties of the PCL leaflets. 
 
series FD 
 
[µm] 
ST 
mean 
[N/mm] 
 
stdev 
[N/mm] 
EXT 
mean 
[mm] 
 
stdev 
[mm] 
ML 
mean 
[N] 
 
stdev 
[N] 
22g45 410 22.35 2.20 4.20 0.63 66.11 1.51 
22g90 410 21.48 5.87 3.99 0.77 72.86 4.62 
23g45 330 17.30 0.19 3.78 0.40 42.72 5.86 
23g90 330 16.43 3.77 4.04 0.57 48.84 2.32 
25g45 250 17.32 0.26 4.28 0.08 50.25 1.06 
25g90 250 16.83 0.35 4.06 0.18 48.45 2.42 
27g45 200 12.35 0.98 3.37 0.14 25.50 0.22 
27g90 200 12.22 2.30 3.46 0.48 24.56 0.44 
28g45 180 9.88 0.72 3.31 0.19 19.92 0.71 
28g90 180 11.43 0.73 4.20 0.36 24.32 1.54 
31g45 127 10.98 0.23 3.49 0.25 21.69 0.29 
31g90 127 10.43 0.94 4.18 0.78 22.02 0.68 
 
ST, the variable which is of greatest interest for the functional behaviour, displays a 
similar trend as ML: the ST value is lower for those scaffolds composed of thinner 
filaments. It is notable that if a larger variation on the ST results occurs, it is within 
the 90° orientation group. As with ML, the results suggest that there would be two 
classes of scaffolds, with higher ST values for the coarser scaffolds of 22g to 25g 
(ST > 16 N/mm) and lower ST values for the finer scaffolds of 27g to 31g            
(ST < 12.5 N/mm). Per separate FD group, there is no significant difference between 
the 45° and 90° stacking sequence. 
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Visual inspection of the tested scaffolds showed that filament layers did not 
delaminate during indentation. During loading, the individual filaments which make 
up the scaffolds are not actually broken. Instead, they are subjected to a plastic 
deformation which elongates them up to the point where the indenter body can move 
between the filaments. This phenomenon is shown in Figure 6-14. 
 
 
Figure 6-14: Individual PCL filaments are not broken but deformed by the probe. 
 
6. 5. 1. d.  Discussion and conclusions 
Whilst there is no significant difference in the total depth of indentation (EXT) prior 
to break for all scaffolds, a clear distinction can be made for the modus of 
deformation between the different layer orientation groups. Scaffolds with the 45° 
stacking order systematically suffered less local deformation before the probe passed 
through. The visual inspection of the tested scaffolds reveals that the 45°-scaffolds 
are more prone to bending in a saddle-like shape as opposed to the 90°-scaffolds 
which evidence local craterlike deformation around the point of impact with the 
probe. This can be seen in Figure 6-15.  
 
 
Figure 6-15: Different modus of deformation for 90- (left) and 45- (right) scaffolds 
 
An explanation can be found in that the 90°-scaffolds (0°/90°/0°/90°) exhibit more 
symmetry and are thus more likely to exhibit homogenous behaviour; with only four 
layers plotted, the 45°-scaffolds (0°/45°/90°/-45°) are completely asymmetric.  
There is a notably large amount of variation on the values for EXT. This is attributed 
to the lack of control on the point of first impact for the ball probe. Whether this 
contact point is located in a pore, on a filament or even an overlap point of two 
filaments, will influence the ball probe’s ability to slip in between individual 
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filaments as described earlier. This effect is stronger for the 90°-scaffolds than for 
the 45°-scaffolds as pores in the 90°-scaffolds go all the way through, whilst the 
45°-scaffolds have supporting filaments above or under every pore. It equally 
accounts for the larger variation on ST results within the 90°-group and for the 
coarsest scaffolds, which have the largest pores as well as the thickest individual 
filaments. 
Based on the results of ML and ST, the tested scaffold series can be divided into two 
so-called stiffness classes: the higher class comprises the scaffolds of the 22g to 25g 
series (FD = 410 to 250 µm), and the lower class the scaffolds of the 27g to 31g 
series (FD = 200 to 127 µm). A visualization of this division is made in Figure 6-16. 
Statistical analysis through independent t-test reveals a clear significant difference 
between the two classes (p=0,000 for both ST and ML). The thicker filaments 
making up the parts from the high stiffness class offer too much individual strength 
to allow for the necessary flexibility to approximate the behaviour of the natural 
leaflets, leading to high values of ML and ST. Therefore, they are discarded for 
further use as a heart valve scaffold.  
 
 
Figure 6-16: ST and ML for scaffolds groups per stiffness class. 
 
Scaffolds from the lower stiffness class are made up of finer extruded filaments; the 
individual strut is thinner and the alternation rate material/porosity is higher, 
allowing for a clearly more flexible behaviour under load.  
 
The scaffolds of the 28g and 31g series will be used for further research on scaffolds 
for heart valve cusps. Notwithstanding that the finer struts of the 31g series provide 
the most flexible behaviour, the 28g series will still be considered alongside them. 
This decision is made with the underlying motivation that the scaffold production 
process should be as accessible as possible for eventual up-scaling to the clinic [24]; 
fine-tuning a processing parameter set for 3D plotting of scaffolds with the ceramic-
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tipped 31g extrusion needle has proven substantially more difficult than with the 
steel 28g needle.  
As the relative orientation of the extruded layers does not appear to affect the value 
ST parameter, it will not be required to continue working with two different layer 
orientations. Since the geometrical controls in Chapter 2 demonstrated that the 
regularity of strand distance SD is much higher for 90°-scaffolds than for 45°-
scaffolds, the 90° stacking sequence is chosen for further research.  
 
6. 5. 2.  Mechanical evaluation of PCL cusp scaffolds 
6. 5. 2. a.  Methods 
Two series of scaffolds (three per type) were manufactured according to the 
processing parameters described earlier in Chapter 2: one with a 28g (ID = 180 µm) 
and one with a 31g (ID = 127 µm) extrusion needle. Both series were manufactured 
with a 90° stacking sequence.  
Their mechanical properties were evaluated under flexural loading by performing 
both the static rupture test and a quasi-static indentation cycle, using the newly 
developed sample holder. The used protocol was identical to the one applied for the 
natural valve cusps in Chapter 5. In brief, the leaflet scaffold was macro-indented by 
the ball probe at a rate of 25 mm/min. This was done until failure for the static 
rupture test and three times between 0.1 and 8.5 N for the quasi-static indentation 
cycle. The scaffolds were consistently positioned with the last plotted layer facing 
upwards and all scaffolds were inspected visually9
6. 5. 2. b.  Static rupture 
 after failure. Force and 
displacement of the ball probe were recorded for each cycle and used for calculation 
of ML, EXT, ST and the different ST(i) values. These results were compared to the 
values obtained for the natural tissue.  
Visual inspection of the scaffolds showed that their layers remained well attached to 
one another during the experiment; no delamination was noted. Also, the scaffolds 
were observed to fail in the same manner as was earlier described for the 
preliminary suitability tests: the filaments did not rupture, but were elongated and 
deformed by the ball probe until it could push through. The up going load-
indentation curves are shown in Figure 6-17 for both scaffold types. It can be seen 
that the 28g type scaffolds reach higher ML values and have a steeper slope in the 
linear region of the curve, as could be expected for the thicker filaments.   
 
                                                        
 
9 Keyence VHX 500 microscope (Keyence, Belgium) 
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Figure 6-17: Load-indentation curves for the static rupture tests.  
 
The calculated values for EXT, ML and ST are listed in Table 6-8 and compared to 
the values for the natural leaflet cusp. The properties of the PCL scaffolds are quite 
reproducible, with a maximum standard deviation of 7.5%, which is noted for the ST 
value of the 28g parts. The scaffold type does not seem to affect the extension before 
break EXT, a trend which was also noted previously in the preliminary testing; the 
scaffolds are indented significantly less than the natural cusps before rupture, 
however.  
 
Table 6-8: Results of the static rupture test. 
 
scaffold  EXT [mm] ML [N] ST [N/mm] 
28g 2.57 ± 0.05 26.83 ± 0.44 10.27 ± 0.77 
31g 2.46 ± 0.09 19.31 ± 0.31 9.72 ± 0.49 
natural cusp 3.26 ± 0.64 13.05 ± 4.48 5.97 ± 1.69 
 
Clearly, the synthetic scaffolds can withstand a much larger load than the natural 
leaflets, which is reflected by the elevated ML values. The stiffness factor ST which 
describes the flexural response of the PCL parts, is quite high for both types. Even 
though greater flexibility is achieved with the smaller filament size of the 31g parts, 
the scaffolds do not attain the flexibility of the natural cusp.  
6. 5. 2. c.  Quasi-static indentation cycle 
For each scaffold type, an example is given of the up going load-indentation curves 
for the three loading cycles in Figure 6-18. As expected based on the preliminary 
experiments, the curves for 31g scaffolds are less steep than for the 28g series. It can 
be observed for both scaffold types that curves from the second and third cycle 
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nearly overlap, but are very different from the first cycle. A slanted J-shape is 
observed especially for the first curve.  
 
 
Figure 6-18: Load-indentation curves for a (a) 28g and (b) 31g scaffold. 
 
It would appear that (i) a plastic deformation has occurred in the leaflets during the 
first loading cycle, since no force is required to return to the level of roughly 0.5 mm 
of indentation during the following cycles and that (ii) the slope of the linear region 
is higher for cycle two and three than for the initial straining in cycle one.  
 
The alleged plastic deformation is investigated by visual inspection of the parts, as 
shown in Figure 6-19.  
 
 
Figure 6-19: Visual inspection of 28g scaffold after the experiment. 
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When inspecting the whole part in Figure 6-19(a), no macroscopic deformation can 
be perceived. The image does give the impression that a circular shape can be 
discerned roughly in the centre of the leaflet. Upon closer inspection, it is observed 
that several filaments display a notch-like deformation; this is enclosed in         
Figure 6-19(b) by the two dashed lines. In Figure 6-19(c), a close-up is made of two 
of these notches: they are sharp-edged indentations and appear to have drawn along 
the underlying struts to some degree. The notches follow a circular path, of which 
the measured diameter is 6.6 mm; this is the geometrical location of the outer edge 
of the chamfered softening of the corner at the indentation hole. The leaflets have 
deformed slightly along the upper edge of the indentation hole during the first 
loading cycle. As this artefact is induced by the clamping method, it is disregarded 
in the further evaluation of the flexural behaviour of the scaffolds. However, it does 
imply that the sample holder needs further optimization to avoid this plastic 
deformation in future experiments. 
Concerning the increase in the slope F/∆x , this is attributed to the alignment of the 
polymer chains during the first flexural indentation. Deforming the semi-crystalline 
PCL causes polymer chains to orient themselves to the direction of the applied 
deformation. This orientation is retained afterwards, resulting in increased strength 
properties in the direction of the alignment [25, 26].  
 
The calculated values for the different stiffness parameters ST(i) are listed in     
Table 6-9, along with those of the natural cusp tested in Chapter 5. The values for 
ST3 are considered for comparison, as these detail the natural valve’s flexural 
response under normal operation conditions. The scaffolds still obtain a ST value 
which is about 30% higher than that of the natural tissue.  
 
Table 6-9: Comparison of ST(i) results to natural tissue. 
 
 ST1 [N/mm] ST2 [N/mm] ST3 [N/mm] 
Scaffold 28g 9.85 ± 0.15 13.10 ± 0.17 13.22 ± 0.43 
Scaffold 31g 9.74 ± 0.21 12.13 ± 0.08 12.80 ± 0.28 
Natural cusp 5.89 ± 1.70 8.36 ± 1.16 8.97 ± 1.17 
 
 
The results for ST1 are also compared to the ST factor determined in the preliminary 
rupture tests (old sample holder) in Figure 6-20. Statistically there is no significant 
difference in the ST values from the different tests for both 28g and 31g scaffold 
types (p = 0.330 and p = 0.951 respectively), yet this is considered to be caused by 
the much larger variations in ST for the old sample holder. Indeed, standard 
deviation on results has decreased from 6.4 % to 1.5% for the 28g series and from 
9.0% to 2.1% for the 31g series, demonstrating that the automatic placement system 
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of the sample holder has significantly improved the reproducibility of the test 
results.  
 
 
Figure 6-20: Comparison of ST1 to ST values from preliminary test. 
 
In order to achieve more pliant PCL leaflets, it could be considered to reduce the 
scaffold geometries from four to only two layers. It remains to be investigated, 
however, in how far structural integrity of the scaffold would be maintained for such 
scaffolds. 
6. 5. 3.  Conclusions 
Within these experiments, the scaffolds were evaluated with the newly developed 
sample holder. It was demonstrated that its use substantially reduces the variation on 
measured results. However, the edges of the indentation hole will require further 
blunting to avoid plastic deformation of the polymer parts during testing. 
 
The manufactured PCL scaffolds with fine struts of 127 µm achieve operational ST 
values of 12.80 ± 0.28 N/mm. Whilst this indicates a positive evolution towards the 
low values displayed by the natural cusp, it is still insufficient to reach the cusp’s ST 
value of 8.97 ± 1.17 N/mm. Further research will need to include the development of 
strategies to render the PCL scaffold even  more flexible, a topic which is addressed 
in the next section.  
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6. 6.  3D PLOTTING OF PCL BLENDS FOR VALVE LEAFLETS 
6. 6. 1.  Introduction 
Even though work on the scaffold geometry, production process and reduction of 
filament sizes has resulted in quite flexible results for scaffolds produced in this 
chapter, the exact properties of the natural tissue have not yet been attained by the 
scaffolds. A summary is given in Table 6-10, of the comparison between the 
properties of the most flexible scaffolds obtained in each category and their natural 
tissue counterpart.  
 
Table 6-10: Summary of the properties of the most flexible scaffolds obtained so far. 
 
Material Property Value 
Natural artery Eθ 0.4 - 2  [MPa] 
PCL tube scaffold Eθ 4.53 ± 0.26  [MPa] 
Natural valve cusp ST3 [N/mm] 8.97 ± 1.17 
PCL leaflet ST3 [N/mm] 12.80 ± 0.28 
 
Combining the PCL with mechanically weaker polymers might further improve the 
flexibility of the scaffolds. Therefore, the blending of PCL with a low molecular 
weight poly-(ethylene oxide) PEO fraction, of which the structure can be seen in 
Figure 6-21, is now considered.  
 
Figure 6-21: The molecular structure of PEO.  
 
PEO is deemed an adequate choice for three reasons [27-29]: 
(i) The low molecular weight PEO fraction can reduce the mechanical 
properties of PCL, which will bring them closer to those of the natural 
valve cusp; 
(ii) PEO is hydrophilic in nature and can attenuate the hydrophobicity of 
PCL, a property which is known to be unbeneficial to the attachments 
of cells to the scaffolds due to unspecific protein absorption [30]; 
(iii) PEO is biocompatible and water-soluble.  
Exploratory research on the suitability of PCL-PEO blends for tissue engineering 
scaffolds was conducted in cooperation with the PBM group at Ghent University. 
The colleagues from PBM provided the blended material and executed the 
experiments validating the distribution of PEO in both the virgin and processed 
polymer blend (SEM, NMR and XPS experiments). 
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6. 6. 2.  Blending of PCL-PEO 
6. 6. 2. a.  Methods 
Three solutions were prepared with each a different concentration of PEO: one, five 
and ten weight-percent (wt%) PCL (Mn=80000 Da) and PEO10 (Mn
 
=2000 Da), were 
first dissolved in chloroform, after which a precipitation reaction in cooled 
diethylether was performed. The different blends are hereafter referred to as      
PCL-PEO1, PCL-PEO5 and PCL-PEO10, for their respective PEO contents.  
Characterization of the composition of the synthesized PEO-PCL compounds was 
done with a proton-nuclear magnetic resonance experiment (1H-NMR)11. 1
31
H-NMR 
is the application of nuclear magnetic resonance in NMR spectroscopy on the 
hydrogen cores in molecules. It provides information on the structure of the 
examined polymer, based on the so-called chemical shift which is observed for 
nuclei in different chemical surroundings which induce different levels of 
(de)shielding, expressed in parts per million (ppm) [ ]. Precautions must be made 
with the choice of solvent in which the sample is dissolved, because these solvent 
protons must not be allowed to interfere. Therefore, 10 mg PEO-PCL was dissolved 
in deuterated chloroform (CDCl3) for the measurements. Tetramethylsilane (TMS) 
is used as an internal standard for calibrating the chemical shift; it is a molecule in 
which all protons are chemically equivalent and thus gives one single signal which 
is defined as 0 ppm. The chemical shift of a molecule depends on its molecular 
structure and the used solvent. Groups with a high electronegativity, such like –OH, 
-OCOR, -OR, -NO2
6. 6. 2. b.  Results  
, and halogens, deshield the nuclei leading to a higher chemical 
shift. The more electronegative the groups in the surrounding of the hydrogen core, 
the larger the chemical shift. By deconvoluting the peaks and comparing their 
integrals, the fraction of the different components of the compound may be 
calculated. This was done in triplicate for each concentration type. 
Examples of the 1 Figure 6-22H-NMR spectra of the three blends are shown in . The 
peak at a chemical shift of around 3.6 ppm, which can be seen to increase with rising 
amounts of PEO, is attributed to the methylene protons of the –CH2-CH2
32
O- in the 
PEO chain structure [ ].  
                                                        
 
10 both polymers from Sigma Aldrich, Belgium 
11 WH 300 MHz 1H-NMR apparatus (Bruker, Belgium) 
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Figure 6-22: Sample 1
 
H-NMR spectra of (a) PCL-PEO1, (b) PCL-PEO5 and (c) 
PCL-PEO10 
The resulting calculations of  the weight percentage of PEO in the different       
PEO-PCL blends from the H1 Table 6-11-NMR spectra are presented in . The 
preparation of the PEO-PCL blends can be considered successful, with the resulting 
PEO concentrations within 10 % of their set value.  
Table 6-11: H1
 
-NMR results for the PCL-PEO blends. 
Blend  wt% PEO 
PCL-PEO1 0.90 ± 0.05 
PCL-PEO5 4.53 ± 0.42 
PCL-PEO10 9.21 ± 0.45 
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6. 6. 3.  Scaffold production with PCL-PEO blends 
6. 6. 3. a.  Methods 
Leaflet scaffolds were produced on the BioScaffolder apparatus with a 27g extrusion 
needle (ID = 200 µm). Only limited amounts of material were available, about four 
to five grams per blend type; optimization of the parameter set had to be done using 
up as little material as possible. Therefore, the larger needle section of 200 µm was 
chosen to avoid possible material flow problems.  
Processing parameters were fine-tuned for each blend according to the principles 
explained in Chapter 2; the resulting parameter set is shown in Table 6-12. The 
dispense head was disassembled and cleaned for every material changeover.  
 
Table 6-12: Processing parameters for the PCL-PEO blends. 
 
blend PCL-PEO1 PCL-PEO5 PCL-PEO10 
PEO   [%] 1 5 10 
Needle ID   [µm] 200 200 200 
Temperature   [°C] 115 115 115 
Feed xy F  [mm/min] 135 150 100 
Feed z   [mm/min] 100 100 100 
Spindle speed S  [rpm] 22 22 17 
dispense pressure   [bar] 4 4 4 
interval pullback  [s] 1 1 1 
interval speed   [mm/min] 40 40 40 
layer thickness LT  [µm] 180 180 180 
strand distance SD   [µm] 360 360 360 
Preflow   [s] 1 1 1 
Postflow  [s] 0 0 0 
Pattern angle   [°] 90 90 90 
meander yes yes yes 
contour no no no 
 
 
Scaffolds were plotted to a square geometry of 15x15 mm², with four layers stacked 
according to a 90°-pattern. Three scaffolds were produced per blend type. Some 
scaffolds were also manufactured in pure PCL12
 
 to have a reference value for the 
mechanical properties of unblended PCL; the processing parameters mentioned in 
Chapter 2 for 27g scaffolds were used.  
                                                        
 
12 PCL CAPA 6500 (Perstorp, UK) 
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The scaffold geometry was evaluated through microscopy13
6. 6. 3. b.  Results  
, in which the filament 
diameter FD was measured on five random locations of the scaffold top layer for 
each scaffold.  
All scaffolds display regular filaments and part geometries, an example of which is 
shown in Figure 6-23 for a scaffold of the PCL-PEO5 series.  
 
 
Figure 6-23: Example of a scaffolds from the PCL-PEO5 series: (a) complete 
scaffold and (b) close-up of the surface.  
 
Measurement of FD, of which a summary is listed in Table 6-13, demonstrates that 
the filaments were highly regular, with a deviation of maximum 3% on the FD 
values. For the PCL-PEO5 scaffolds, FD was somewhat higher than the set value of 
200 µm. A slightly increased F parameter might have been more auspicious there.  
 
Table 6-13: Measured FD values for the PCL-PEO scaffolds. 
 
Blend FD [µm] 
PCL-PEO1 200 ± 4 
PCL-PEO5 210 ± 6 
PCL-PEO10 197 ± 5 
 
  
                                                        
 
13 Keyence HVX-500 (Keyence, Belgium) 
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6. 6. 4.  Evaluation of the extruded filament surface 
6. 6. 4. a.  Methods 
A visualization of the scaffold surfaces was executed with a scanning electron 
microscope14
 
 (SEM), for which the used apparatus was in the secondary electron 
mode (SEI). Prior to analysis all samples were coated with a gold layer of 
approximately 20 nm. 
X-ray photon spectroscopy (XPS) is a technique which allows the determination of 
the elemental composition of the outmost 10-15 nm of a surface. XPS measurements 
were performed15
6. 6. 4. b.  Results 
 on the scaffolds of all three blend types. A survey scan spectrum 
was collected and from the peak-area ratios, the relative elemental composition of 
the material top layer was determined.  
SEM-images of the PCL-PEO struts are shown in Figure 6-24, Figure 6-25 and 
Figure 6-26 for 1 wt%, 5 wt% and 10 wt% of PEO respectively. For the PCL_PEO1 
scaffold, a more or less smooth surface is seen, with some protruding material 
regions in the middle left of the image. This local surface roughness is caused by 
precipitates of PEO, the amount of which can be observed to increase severely as the 
PEO concentration rises; the surface of the PCL_PEO10 scaffolds is covered almost 
entirely by these precipitates.  
Because of the roughness the precipitates induce on the surface, a higher signal in 
the SEM-image is obtained, which results in white pigments on the struts in the 
images with magnification x75. 
This relatively large impact of the PEO fraction on the surface condition of the 
filaments would suggest that the PEO is mostly located at the surface of the extruded 
strut and no longer homogenously distributed throughout it.  
 
 
 
                                                        
 
14 JEOL JSM-5600 microscope 
15 ESCA S-probe VG monochromatized spectrometer with an Al Kα source X-ray 
source (1486 eV) 
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Figure 6-24: SEM-images of the PCL-PEO1 scaffolds: (a) top view (x75), (b) view 
of a strut (x500). 
 
 
Figure 6-25: SEM-images of the PCL-PEO5 scaffolds: (a) top view (x75), (b) view 
of a strut (x500). 
 
 
Figure 6-26: SEM-images of the PCL-PEO10: (a) top view (x75), (b) view of a strut 
(x500). 
 
This assumption is confirmed by the XPS results. The different high-resolution 
carbon XPS spectra of PCL-PEO1, PCL-PEO5 and PCL-PEO10 are depicted in 
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Figure 6-27(a), (b) and (c) respectively. The spectra of these blends are compared to 
those of pure PCL and PEO in Figure 6-28 [33].  
 
Figure 6-27: XPS-spectra of (a) PCL-PEO1 , (b)PCL-PEO5 and (c) PCL-PEO10. 
 
 
Figure 6-28: XPS spectra for (a) pure PCL and (b) pure PEO [33].  
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The peak at 289.1 eV, which can be attributed to carboxylic functions (O-C=O), is 
considered indicative of PCL [34]; it can be seen to be strongly pronounced in the 
spectrum of pure PCL in Figure 6-28(a). The peak at 286.5 eV is very dominant for 
the spectrum of pure PEO in Figure 6-28(b) and is considered to be representative of 
the presence of PEO, as it denominates the C-O bond [34]. Finally, the peak at 284.8 
eV is found in the spectrum of both pure materials, as it indicates bonds which both 
polymers have in their structure (mainly C-H) [34].  
With rising amounts of PEO added to the blend, the relative peak area representing 
PEO can be seen to increase at the cost of the peak indicating the presence of PCL.  
Table 6-14 shows the assignments for the quantitative deconvolution of the carbon 
spectra of the PCL-PEO10.  
 
Table 6-14: The position and representing atom concentration of the peaks of the 
XPS-spectrum of PCL-PEO10. 
 
Position (eV) %At Conc. Assignment Presence of  
284.8 
286.5 
26.74 C-O,C-C/C-H PEO, PCL 
62.43 C-C/C-H,C-O  PEO 
289.1 10.82 O-C=O PCL 
 
The peak at 286.5 eV, which indicates the presence of PEO, corresponds to over 
60% of the material surface. This is disproportionately high in regard to the blended 
amount of polymer (10%). It is concluded that the PEO fraction has segregated 
within the blend to move towards the surface, a phenomenon which is known as 
viscous encapsulation (phase separation) [35] and has been previously noted in 
literature for PCL-PEO polymers [36].  
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6. 6. 5.  Impact of blending ratio on hydrophilicity 
6. 6. 5. a.  Methods 
In order to evaluate the wettability of the scaffold surfaces, static contact angle 
(SCA) measurements were performed.  
If a drop of liquid is placed on a surface, it will either bead up or wet the surface by 
spreading out over it. For drops that bead up, the contact angle is ruled by the 
surface tension between the different phases (liquid, solid, and vapour). This is 
described by Young’s equation [37, 38]: 
  
γSV = γSL + γLV * cos θY   
With, as illustrated in 
(6.10) 
Figure 6-29: 
 γSV
  γ
 the solid-vapour surface tension [J/m²]; 
SL
  γ
 the solid-liquid interfacial tension [J/m²]; 
LV 
 θ
 the liquid-vapour surface tension [J/m²]; 
Y
 
= Young’s contact angle [°]. 
Figure 6-29: Vector forces controlling the contact angle of a liquid drop on a smooth 
surface. 
 
The wetting characteristics of a surface can then be generalized as follows: 
 θY
  0° ≤ θ
 = 0°: complete wetting; 
Y
  θ
 ≤ 90°: partial wetting; 
Y
The wettability of real surfaces is subject to both physical and chemical factors. Four 
main factors will affect the contact angle: surface roughness, heterogeneity, particle 
shape and particle size [
 > 90°, nonwetting.  
37, 39].  
 
Water contact angle measurements were performed on the PEO-PCL blended 
scaffolds in air using the sessile drop method on a contact angle instrument16
                                                        
 
16 OCA 20 (Dataphysics, Germany) 
. A 
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video was collected and Laplace-Young fitting was used in order to determine the 
contact angles. At least three measurements were performed on each sample. 
6. 6. 5. b.  Results 
The measured contact angle of pure PCL was 81° ± 1°, meaning that there is only a 
very limited wetting of the surface. The presence of 1 wt% PEO in the PCL resulted 
in a similar contact angle value of 79° ± 2° for PCL-PEO1.  
However, the liquid drops on the surfaces of the PCL-PEO5 and PCL-PEO10 spread 
out over the entire surface immediately after contact. This is demonstrated by  
Figure 6-30 for the PCL-PEO5 scaffold; the effect was found to be more 
pronounced for PCL-PEO10 scaffolds, revealing the surface of the latter as even less 
hydrophobic.  
 
Figure 6-30: Evolution of the liquid drop on the surface of the PCL-PEO5 scaffold: 
(a) before contact with the surface and (b) 1 second after contact with the surface. 
 
A higher concentration of PEO in the blends apparently results in more hydrophilic 
surfaces, not only by PEO’s own hydrophilic nature but also by increasing the 
surface roughness through its precipitation at the surface, as was noted from the 
SEM-images. The benign impact of roughness on wettability is described by the 
Wenzel equation [40]: cos𝜃𝜃∗ = 𝜋𝜋 ∙ cos𝜃𝜃     (6.11) 
With θ*
 
 the apparent contact angle which corresponds to the stable equilibrium state 
and r the roughness ratio of the surface (defined as the ratio of true area of the solid 
surface to the apparent area).  
These observations confirm once more the presence of PEO at the surface of the 
struts.  
 
a b 
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6. 6. 6.  Impact of blending ratio on mechanical properties 
6. 6. 6. a.  Methods 
The different scaffold series were subjected to a static rupture (by flexural 
indentation) test. They were mounted in the new specimen holder on the Lloyd LF 
Plus universal material tester and loaded until break with a spherical indenter probe 
(diameter 4.45 mm) at a speed of 25 mm/min. To ensure contact between ball probe 
and scaffold, a preload level of 0.1 N was used as the zero-indentation point. Force 
and displacement of the indenter probe were recorded and used for further 
determination of the parameters ML, EXT and ST. Per series, three scaffolds were 
tested and their results averaged. 
Due to the limited amount of material, no scaffolds were available for an additional 
quasi-static indentation cycle experiment that would determine ST3.   
6. 6. 6. b.  Results and discussion 
The scaffolds display a similar type of flexural behaviour and failure which was 
previously found for pure PCL parts: the slanted J-curve which was noted for the 
cyclic indentation to 8.5 N is here completed by the failure behaviour under higher 
loads which is represented by the flattening of the curve into a final plateau. The 
load-displacement curves of PCL-PEO10 are displayed in Figure 6-31 by means of 
example. 
 
 
Figure 6-31: Load-displacement curves from static rupture test for PCL-PEO10. 
 
The calculated values of EXT, ML and ST are listed in Table 6-15 per blend type. 
All three properties can be seen to decrease with an increasing percentage PEO 
mixed in to the blend.  
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Table 6-15: Values for EXT, ML and ST for the different blends. 
 
Blend EXT [mm] ML [N] ST [N/mm] 
PCL-PEO1 2.72 ± 0.10 28.26 ± 0.50 11.65 ± 0.20 
PCL-PEO5 2.60 ± 0.08 24.88 ± 1.32 11.12 ± 0.02 
PCL-PEO10 2.57 ± 0.12 24.34 ± 1.58 10.42 ± 0.49 
 
The decrease in ST, the parameter which is most relevant for the flexural behaviour 
under operation conditions, appears to be directly related to the amount of PEO in 
the blend. This is illustrated in Figure 6-32. 
 
 
Figure 6-32: Evolution of ST with rising % PEO.  
 
The linear fit of the ST - % PEO relationship can be deduced as: 
𝑆𝑆𝑆𝑆 = 11.793 − 0.1368 ∙ (𝑤𝑤𝑡𝑡% 𝑀𝑀𝐸𝐸𝑃𝑃)   [𝑁𝑁/𝑚𝑚𝑚𝑚]   (6.12) 
This would imply that for the unblended PCL, the ST value would be 11.79 N/mm. 
This value matches the ST value found for the unblended PCL scaffolds, which was 
11.64 ± 0.20 N/mm. 
Even though the PCL used in these experiments is not exactly the same as the PCL 
previously used for manufacture of cusp scaffolds, their molecular weights are 
related closely enough that it can be justified to draw a parallel between the two 
polymers. Considering that for the most flexible of PCL scaffolds (the 31g series), 
the mean ST3 value was 12.80 N/mm, Equation (6.12) implies that in order to obtain 
ST3 = 8.97 N/mm (the value for the natural tissue), about 28% of PEO would have 
to be blended in. It merits consideration for this experiment to be conducted in the 
future. Additionally, it would be interesting to determine the ST value for a pure 
PEO scaffold, since this would make it possible to verify whether the evolution in 
the value for ST follows the law of mixtures.  
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6. 6. 7.  Prospects of PCL-PEO blending 
These experiments have shown that even though blends of PCL-PEO are 
manufactured as a homogenous mix, processing them into filaments for 3D plotting 
by micro-extrusion will cause the PEO fraction to segregate towards the surface of 
the struts. This encapsulation effect will be beneficial to the cell-attractiveness of 
plotted PCL-based scaffolds, as hydrophilicity and surface roughness are observed 
to increase with the inclusion of more PEO.  
Concerning the mechanical properties of PCL-PEO compounds, blending of PCL 
with the weaker low molecular weight fraction of PEO clearly reduces the stiffness 
factor ST of the scaffolds. It may be possible to use this plasticizing effect of PEO in 
order to obtain mechanical properties more like those of the natural tissue, both for 
arterial tubes and valve cusps. Future research should certainly include such a trial.  
It must be remarked that PEO is soluble in water and will dissolve within 24 hours if 
submerged [27]. This means that the PEO component should not be counted upon 
for structural integrity once the scaffold had been placed within a medium for cell 
culturing. Disintegration of the PEO fraction will result in a porous PCL scaffold 
which must remain structurally intact and fully functional. As such, PEO 
concentrations can never be too high within the blend. It would be advisable for 
further research to include a study of the effect of the PEO removal from the 
scaffold on the structure and the mechanical properties.  
Alternatively, the high solvability of PEO could be depended upon to intentionally 
create porous PCL scaffolds, with increased porosity and more flexible mechanical 
properties [27, 28]. This strategy too, merits further investigation.  
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6. 7.  CONCLUSIONS AND PROSPECTS 
In this chapter, the suitability of PCL scaffolds for the prosthetic replacement of 
cardiovascular tissue was investigated.  
For arteries, it was demonstrated that the winding of extruded PCL filaments onto a 
rotational axis yields tubes with much improved flexible properties compared to 
tubes created through conventional 3D plotting. From the tensile ring-open 
experiment, circumferential modulus values of Eθ = 4.52 ± 0.26 MPa were obtained, 
which begins to approximate the lower Eθ
For aortic heart valve leaflets, sheet-like scaffolds were developed through            
3D plotting. In flexural experiments, their stiffness factor ST for operating 
conditions could be reduced to ST3 = 12.80 ± 0.28 MPa, which is about 30% higher 
than the recorded values for the natural cusp. A further reduction of mechanical 
properties could possibly be achieved by reducing the scaffolds from four to two 
layers.  
 regions of the natural blood vessel wall 
(up to 2 MPa). Further optimization of filament size, winding angle and wall 
porosity should enable the realization of adequately pliant tube scaffolds for a 
TEBV.  
As for the properties of the PCL material itself, it was found that both the flexible 
properties and the hydrophobic nature of the polymer could be attenuated by 
blending with low molecular weight PEO.  
 
Considering all these results, the micro-extrusion based manufacturing of PCL 
scaffolds (3D plotting or winding) certainly holds much potential for the realization 
of suitable cardiovascular tissue scaffolds. By combining strategies of design (part 
geometries and filament sizes), processing (winding as opposed to plotting) and 
polymer modifications (blending with PEO) it should be possible to obtain synthetic 
scaffolds for cardiovascular tissue which fully emulate their functional mechanical 
properties. Once the mechanical functionality of the scaffolds is achieved, thought 
should be given to further adapting these porous single-layer constructs so that they 
are (i) multilayered like the natural cardiovascular tissues they are meant to replace 
and (ii) sealed, so that they can be kept in culture or implanted without fluids or 
blood leaking through them. The scaffolds which were proposed in this chapter 
should be seen as an equivalent for the media layer of the blood vessel or the fibrosa 
of the valve leaflet, which are the load-bearing components of these tissues. The 
endothelial layer present in both tissue should be achieved by seeding an additional 
layer of endothelial cells after sufficient culture of these base layers. For the 
adventitial layer of the artery and the ventricularis/spongiosa of the valve cusp, it 
could be considered to add a layer of material with the electrospinning technique, as 
both natural layers consist mostly of dense random fibres. Finally, such a finer (and 
denser) outer electrospun layer could also contribute to the sealing of the construct, 
as these smaller pores could more easily be closed by filling them with a gel-based 
material like the collagen which will be discusses in the next chapter.   
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Chapter 7  
 
COLLAGEN MOULDING 
In this chapter, a method is developed for the processing of collagen solutions 
into solid scaffolds and for the production of hybrid PCL-collagen scaffolds. 
Collagen leaflets display excellent cell viability qualities, but have insufficient 
mechanical properties to serve as heart valve cusps. For the hybrid scaffolds, 
it is found that the collagen top layer effectively promotes cell attachment and 
proliferation on the scaffold surface. It is also observed that the production 
protocol for these hybrid parts affects the crystallinity of the PCL polymer, 
thus increasing mechanical properties.  
 
7. 1.  INTRODUCTION 
The PCL polymer, which was lengthily discussed in Chapter 3, has several 
advantages for the use as a scaffold material. These can be summarized as: 
 It is biocompatible and bioresorbable. Degradation takes place over a 
longer period (up to three years) so the scaffold remains functionally intact 
for an extended period; 
 As a thermoplastic, it can be processed quite well by micro-extrusion and 
3D plotting; 
 It has excellent thermal stability; 
 The mechanical properties can be tailored by scaffold design and polymer 
blending; 
 It is relatively cheap. 
Nonetheless, its major disadvantage is that it presents a quite hydrophobic surface 
and is not very attractive for cells to attach and proliferate.  
 
Scaffolds manufactured from biological polymers like collagen perform much better 
in respect to surface interaction with cells, because they offer similar material 
surroundings as the natural extracellular matrix. However, the mechanical properties 
of such scaffolds have proven to be inferior to those of the natural tissue, which 
makes them unsuitable as a functional tissue replacement [1-6]. It would therefore 
be of interest to look towards hybrid solutions, where the advantages of both 
material groups are combined [7].  
In this chapter, it is investigated in how far the structural integrity of PCL can be 
combined with the beneficial interface properties of the natural polymer collagen: 
PCL is used as a backbone which provides the necessary mechanical properties and 
collagen is used as a cell-friendly top layer for interaction with cells.  
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First, a method is first developed for the processing of collagen solutions into solid 
collagen parts and in a second stage, hybrid PCL-collagen scaffolds are 
manufactured. All scaffold types are subjected to cell viability assays and the 
mechanical properties are assessed.  
 
The culturing and seeding of cells discussed in this chapter, were performed by     
dr. Pamela Somers1
 
 at University Hospital Ghent, as well as the cell viability assays 
and histology.  
7. 2.  PROCESSING OF COLLAGEN GELS 
An elaborate experimental study was dedicated to composing the correct protocol 
for the processing of a collagen solution into a solid collagen leaflet (and later for a 
top layer of a PCL scaffolds). This section provides an overview of the most 
important empirical results related to the processing of the solution into a collagen 
part. 
A commercially available collagen solution was acquired from Devro (UK). The 
selected product was Apcoll soluble collagen with a concentration of 3.0 mg/ml. 
Apcoll is derived from highly purified Australian bovine dermal collagen type I and 
is a certified product for biomedical use.  
 
The Apcoll solution is stored at temperatures between 0 and 10°C; according to the 
supplier it will solidify into a gel after about 45 minutes if the following conditions 
are met: 
i. The pH of the solution (pH 2) is raised to pH = 7.4 by adding a buffer 
solution (pH 11) in the correct proportion; 
ii. The temperature of the solution is raised to 37°C;  
Empirically, it was found that, with the Apcoll solution which was received, the best 
gel is attained for 8.3 < pH < 8.6 and that, although complete gelling requires a 
temperature over 20°C, the gelling will set in as soon as the mixed solution (with 
correct pH) reaches positive temperature values. Furthermore, a gelling time of 
minimum 2 hours (37°C) was used to obtain firm gels.  
 
Theoretically, the gels can be stored indefinitely at room temperature afterwards. 
However, given time (several days), they will begin to desiccate even in a sealed 
container.  
The gelling is irreversible on the condition that the material is not disturbed during 
the solidification process. Any mechanical disturbance of the gel-to-be invariably 
                                                        
 
1 Department of Basic Medical Sciences, Ghent University 
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causes it to disintegrate back to a fluid state. Due to this sensitivity, it proved 
impossible to use the collagen solution for 3D plotting with the low-temperature 
dispense head. To deposit an extruded collagen filament upon the plotting table, it 
must be partially gelled so that it offers enough surface tension to maintain its shape 
instead of flowing apart over the table. On the other hand, the friction which is 
applied to the solution by squeezing it through the extrusion needle disturbs the 
gelling process if it has already set in, causing the gel to disintegrate irreversibly. In 
short, if the solution is not gelling when being extruded, the intended filament will 
flow apart over the table and if the solution is gelling at the moment of extrusion, the 
gel will be disturbed by the extrusion needle. It has indeed been found in literature 
that collagen can only be processed directly by 3D plotting at cryogenic 
temperatures of -40°C [8].  
 
Thus, an alternative strategy named ‘collagen moulding’ was developed. The main 
principle is to mix the Apcoll and the buffer solution below 0°C and to keep the 
resulting Apcoll+buffer compound below 0°C until the moment of moulding, during 
which an amount of the mixture is injected slowly into an open mould cavity, where 
the gelling process can be initiated without being disturbed. The open mould is then 
placed in an oven, where it is kept heated to 37°C until the gelling is complete.  
The experimental setup for this procedure is depicted in Figure 7-1. The dispense 
head for gels is taken from the BioScaffolder machine and mounted in a support. 
The hollow mantle of the dispense head is used for temperature control by 
connecting a hydraulic cooling circuit2
 
 to the in- and outlet. The tubing and the outer 
mantle of the dispense head are isolated to prevent heat uptake along the circuit. 
Condense can be observed on the metallic surfaces of the dispense head. 
 
Figure 7-1: Experimental setup for collagen moulding.  
                                                        
 
2 Julabo F12, temperature range -25°C to 200°C (Analis, Belgium) 
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The buffer solution is titrated with the collagen solution in a disposable syringe 
which is placed inside the dispense head’s cooled mantle; a cap prevents the 
material from flowing out at the bottom. Once the required pH is attained, a stopper 
is used to close off the syringe at the top; the assembly may now be tilted so that the 
end-cap can be replaced by a disposable needle. The dispense head is then rotated 
back but remains in a slanted position so that pressure on the syringe is still 
necessary for the solution to be pushed out. The material can now be injected from 
the syringe into the mould cavity.  
After the oven treatment, the result is a firm gel which will sustain careful 
manipulation. If the gel is not kept humid, it will desiccate in the course of a few 
days, losing up to 99% of its volume in the process. The remaining thin dry sheet is 
very brittle and will stick to the bottom of its container; in most cases it will break if 
an attempt is made to remove it from the container. However, brief wetting of the 
desiccated scaffold will return it to its supple solid state, be it at the same reduced 
volume. In this moist supple state, the scaffold can be carefully manipulated once 
more and removed from the container. This cycle of desiccation and re-wetting can 
be repeated several times without any apparent influence on the structure of the 
collagen scaffold. Since thin flexible collagen sheets would make for a good heart 
valve cusp scaffold, it is decided to intentionally desiccate the gels so that they 
become thin sheets which can easily be manipulated and stored for a longer time. To 
this end, a prolonged oven time (37°C) of at least 24 hours is applied. At the end of 
this heating time, all collagen scaffolds are reduced to thin dry leaflets, which can be 
removed after slight wetting.  
 
Concerning the used mould, a multi-cavity mould block is created, with square 
cavities of 12x12 mm². There are twelve cavities which are 3 mm deep and twelve 
cavities which are 5 mm deep. Experimental work demonstrated that more shallow 
cavities (1 and 2 mm) did not yield coherent gels. The mould is kept open at all 
times, since the use of a lid has proven to disturb the gelling process.  
 
Upon removing the mould from the oven, it is observed that some of the leaflets 
have dried up in a peculiar fashion. They appear to be attached to two of the upper 
sides of the cavity and a section of the opposing bottom of the mould pocket, with a 
stretched out area between them. In this stretched out region, segregation can be 
observed within the dried material between some thicker islands which are 
surrounded by a thin film region. It is assumed that as the leaflet shrinks whilst it 
dries up, the gel sticks to one or more of the upper sides instead of receding evenly 
downwards. The phenomenon is more pronounced for the deeper cavity of 5 mm 
than for the 3 mm cavities; Figure 7-2(b) and (c) show a 3 mm leaflets which dried 
up evenly at the bottom of the pocket. 
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Figure 7-2: Desiccated collagen leaflets after oven treatment: (a) 5 mm cavity and 
(b),(c) 3 mm cavity.  
 
However, if the leaflets are wetted for recovery from the mould an subsequently left 
to dry, their structure appears to homogenise once more. 
 
7. 3.  COLLAGEN LEAFLETS 
7. 3. 1.  Production of leaflets 
7. 3. 1. a.  Methods 
For the production of thin collagen leaflets, 0.5 ml of buffer solution was mixed with 
3.7 ml of Apcoll in a syringe in the cooled dispense head, for which temperature was 
set to -3°C. The resulting compound had a pH3
One by one, the desiccated leaflets were wetted with a drop of Milli-Q water
 = 8.46. Mould cavities of 3 mm and  
5 mm deep were filled and the moulds were subsequently placed in a pre-heated 
oven at 37°C. An inspection after three hours revealed well-formed firm gels. The 
mould was then left undisturbed until a total oven treatment time of 48 hours has 
passed. 
4
The collagen leaflets were measured for thickness
, after 
which they were carefully removed from the mould cavity and placed in individual 
containers with a bottom of Milli-Q water.  
5 and visually inspected with a   
3D microscope6
                                                        
 
3 measured with HQ40d pH meter (Hach, Germany) 
 before and after mechanical testing. The scaffolds are further 
referred to as the “C3” and “C5” series for leaflets created with the 3 mm or 5 mm 
mould cavity respectively.  
4 purified and deionized to a high degreewith Milli-QPore (Millipore, Belgium) 
5 Mitutoyo DGS-M 7001 (Mitutoyo, Belgium) 
6 Keyence VHX-500 (Keyence, Belgium) 
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7. 3. 1. b.  Results 
The results of the thickness measurements are shown in Figure 7-3 for the 
desiccated and wetted leaflets. It can be observed that (i) there is much less variation 
on the thickness of the wetted leaflets than there is on the dry leaflets and (ii) this 
large variation for the desiccated scaffolds is more pronounced for the C5 parts.   
 
 
Figure 7-3: Results of the thickness measurements (five measurements per sample, 
five samples per series).  
 
The large variations on the thickness of the dry scaffolds are attributed to their 
drying behaviour as was shown earlier in Figure 7-2. For the C5 scaffolds, all 
measurements were done on the thicker regions of the scaffold, to avoid breaking 
the thin brittle regions.  
The resulting mean values for the thickness of the wetted leaflets are 28 ± 5 µm for 
the C3 scaffolds and 46 ± 2 µm for the C5 scaffolds. These results show that the gels 
are reduced over 99% in thickness during desiccation.  
 
7. 3. 2.  Mechanical properties 
7. 3. 2. a.  Methods 
Per series, seven leaflets were subjected to the same static rupture test which was 
applied to natural valve leaflets in Chapter 5. In brief, the leaflets were mounted in 
the new specimen holder over a round hole of 6 mm and loaded in flexure with a 
round ball probe (Ø 4.45 mm) at a rate of 25 mm/min until break, which was defined 
as a sudden drop of 50% in load. The lower force threshold was defined at 0.05 N, 
which is chosen lower than the previously used value of 0.1 N for natural cusps 
because the collagen leaflets appear very weak. The load-displacement curves were 
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exported with 2000 points per curve to Matlab software7
7. 3. 2. b.  Results  
 and the parameters ML, 
EXT and ST were determined.  
Illustrative examples of the load-indentation curves are shown for scaffolds from the 
C3 and C5 series in Figure 7-4 and Figure 7-5 respectively. In terms of rupture 
strength, the thicker C5 leaflets are able to withstand roughly twice the loading force 
of the C3 leaflets, while the extension at break EXT is only slightly higher for C5 
than for C3. The curves are roughly J-shaped, but with a quite low slope. The linear 
areas which are used for calculation of ST are marked within the rectangles. 
 
 
Figure 7-4: Load-indentation curve for a C3 scaffold, with the rectangle marking the 
linear area for calculation of ST. 
 
 
 
Figure 7-5: Load-indentation curve for a C5 scaffold,  with the rectangle marking 
the linear area for calculation of ST. 
                                                        
 
7 Matlab 7.10 (Mathworks, The Netherlands)  
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An overview of the measured results for EXT, ML and ST is given in Figure 7-6 for 
all scaffolds of the C3 and C5 series. It may be observed that ML and ST appear to 
be linked material properties: those scaffolds displaying lower or higher ML values 
within their series will equally display higher or lower ST values.  
 
Figure 7-6: Static rupture results for the collagen leaflets. 
 
A summary of the results is made in Table 7-1, in which the results obtained for 
natural valve leaflets in Chapter 5 are also included. The thicker C5 scaffolds are 
obviously more sturdy than the C3 leaflets, but overall the manufactured cusps are 
rather weak in terms of mechanical properties. The ST value realized for the C5 
series is only about 20% of that of the natural valve leaflet and the burst strength is 
negligible in comparison.   
 
Table 7-1: comparison of EXT, ST and ML between collagen scaffolds and natural 
cusps.  
property C3 scaffold C5 scaffold natural cusp 
EXT [mm] 1.01 ± 0.03 1.14 ± 0.07 3.26 ± 0.64   
ML [N] 0.79 ± 0.07 1.54 ± 0.23 13.05 ± 4.48 
ST [N/mm] 0.62 ± 0.05 1.13 ± 0.16 5.97 ± 1.69 
 
Concerning the mode of failure, all scaffolds were investigated under the 
microscope after the experiments, to verify whether they had not broken around the 
edge of the indentation hole. A circular rupture line can be seen in the centre of the 
leaflet shown in Figure 7-7(a); this circle is (i) the size of the indenter probe and   
(ii) incomplete: only in a few cases did the ball probe truly punch out a hole as 
shown in Figure 7-7(b). These findings prove that the scaffold was broken by the 
ball probe and that failure was not initiated at the edge of the holder; in most cases 
the leaflet tore along the contact edges with the probe until it could slip through. The 
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circular light which is seen in the pictures in Figure 7-7 is caused by light reflection 
of the moist leaflet and the underlying glass. 
  
 
Figure 7-7: (a) A C5 scaffold after rupture and (b) completely punched out hole in a 
C5 scaffold. 
 
These collagen scaffolds are much weaker than the natural heart valve cusp. For 
these non-reinforced pure collagen leaflets, this is attributed to: 
i. The limited thickness of the leaflets: only a few micrometers thick, 
they are much thinner than the natural cusps; 
ii. The lack of oriented collagen bundles: in the natural cusp, 
circumferentially oriented collagen fibre bundles provide structure and 
strength to the tissue, for these scaffolds the collagen is randomly 
oriented in the gel. 
 
7. 3. 3.  Biological properties 
7. 3. 3. a.  Methods  
For cell culture, bone marrow (BM) aspirates were obtained from the sternum of 
three 1-year old female Suffolk sheep under sterile conditions after approval by the 
Regional Ethical Committee. After aspiration, nucleated cells from bone marrow 
biopsy were isolated with Percoll8 by gradient centrifugation at a density of       
1.073 g/ml and re-suspended in complete culture medium composed of DMEM9
                                                        
 
8 Sigma-Aldrich, Belgium 
, 
9 Dulbecco’s Modified Eagle Medium (Invitrogen, Belgium) 
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20% fetal bovine serum10, 100 U/ml penicillin and 100 µg/ml streptomycin11. The 
re-suspended cells (1x105 cells/ml) were plated in 25 cm2 culture flasks and 
incubated at 37°C and 5% CO2
After 24h incubation, non-adherent cells were discarded, whereas adherent cells 
were washed twice with phosphate-buffered saline (PBS), and fresh complete 
medium was added. The cells were incubated for another 7-10 days before harvest. 
The medium was changed every other day. To expand cell numbers, dense cell 
plaques were trypsinized with 0.25% trypsin and 1 mM EDTA
. 
12 for 5 minutes at 
37°C, and the cells were plated in 75 cm2
Prior to cell seeding, the scaffolds were sterilized by immersing them for 24 hours in 
Dulbecco’s Modified Eagle Medium (DMEM) with antibiotics (1000 U/ml 
penicillin and 1000 µg/ml streptomycin), after which they were rinsed thrice with 
sterile PBS.  
 flasks until confluence. The cells used for 
the experiments were between the second and third passage. 
The collagen scaffolds were seeded with these early passage ovine mesenchymal 
stem cells. A concentration of 1x106 cells/cm² was seeded onto the matrices and 
maintained in culture for 3 days at 37°C using DMEM supplemented with 10% fetal 
calf serum (FCS), 100 U/ml penicillin, 100 µg/ml streptomycin and 2 mM              
L-glutamine13
Cell proliferation on seeded collagen scaffolds was evaluated after 72 hours using 
the [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium, inner salt] (MTS) assay
 with daily refreshment of medium. 
14. Viable cell numbers were determined 
indirectly by the conversion of MTS into a soluble dye. The MTS assay is based on 
the conversion of MTS into aqueous, soluble formazan by mitochondrial 
dehydrogenase enzymes found in metabolically active cells. The quantity of 
formazan product as measured by the amount of 490 nm absorbance is directly 
proportional to the number of living cells in culture. In the test, 20 µl MTS solution 
was added to the culture wells. After 72 hours at 37°C in a humidified, 5% CO2 
atmosphere, the absorbance at 490 nm was recorded using an enzyme-linked 
immuno sorbent assay (ELISA) plate reader15
                                                        
 
10 FBS, Invitrogen (Belgium) 
. Five scaffolds were evaluated for the 
C3 series and three samples for the C5 series.  
11 Invitrogen, Belgium 
12 Ethylenediaminetetraacetic acid 
13 Sigma Aldrich, Belgium 
14 Promega CellTiter 96® AQueous Non-Radioactive Cell Proliferation Assay, 
Madison, USA 
15 EL 800, Universal Microplate Reader, Bio-Tek instruments 
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Finally, Samples for histology were fixed in 4% phosphate buffered formaldehyde16
7. 3. 3. b.  Results  
 
and embedded in paraffin. Five micron thick sections were cut and stained with 
Hematoxylin/Eosin. 
Figure 7-8 shows the % viability of oMSCs on the C3 and C5 scaffolds after          
72 hours. These results imply that both scaffolds show no distinct cytotoxicity on 
oMSCs. Both scaffolds show a high number of viable cells, with a cell viability of 
85.0 ± 11.6 % for the C3 leaflets and 97.1 ± 1.2 % for the C5 leaflets. The lack of 
significant statistical difference between the two groups (p = 0.081 in an 
independent t-test) can be attributed to the large variance on the results for the C3 
scaffolds; it appears that the thicker C5 scaffolds have better cell viability properties. 
However, a larger number of scaffolds would have to be tested in each group for 
more conclusive results regarding any significant difference between both groups.  
 
Figure 7-8: Results of the cell viability count for C3 and C5 scaffolds. 
 
Histology shows representative sections of the seeded collagen scaffolds. On the C3 
scaffolds, a thick multilayer of cells can be discerned, but for nearly all leaflets, it is 
detached from the collagen leaflet itself, as is illustrated in Figure 7-9. As the cell 
layer does appear to roughly follow the shape of the collagen scaffold, it is assumed 
that the cells were in fact adhered to the collagen but were detached due to the 
fixation and cutting process (artefact).  
In Figure 7-10(a) a C3 scaffold is shown with a multilayer of well adhered cells. No 
cells were detached from this collagen scaffold. The enlargement in Figure 7-10(b) 
                                                        
 
16 Merck, Germany 
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shows that the collagen making up the scaffold appears to be layered in a 
longitudinal direction. 
 
 
Figure 7-9: Histology of a C3 scaffold reveals a detached multilayer of cells (10x).  
 
 
 
Figure 7-10: (a) Histology of a C3 scaffold (10x) and (b) enlargement of selected 
area (40x). 
 
The C5 scaffolds show similar histological results when compared to C3 scaffolds. 
As depicted in Figure 7-11(a), the cells are detached from the collagen, similar to the 
C3 scaffolds. The layered structure of the collagen can be shown somewhat more 
clearly for these thicker scaffolds in Figure 7-11(b).  
Figure 7-12 shows a 5C scaffold on which the cells have remained attached to the 
collagen during preparation for histology. An almost confluent multilayer of cells is 
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present on both sides of the scaffolds, although the upper side (left) is more 
favoured. No cell in-growth was present. 
 
 
Figure 7-11: Histology of C5 scaffolds: (a) a detached layer of cells (10x) and (b) 
layer-wise structure of the scaffold (40x). 
 
 
Figure 7-12: (a) Histology of a C5 scaffold (10x) and (b) enlargement of selected 
area (40x). 
 
7. 3. 4.  Discussion  
The thin collagen leaflet scaffolds display auspicious qualities in terms of cell 
proliferation. A copious layer of viable cells has proliferated on the surface over a 
period of 72 hours. However, their mechanical properties are probably too low for 
them to perform as a functional heart valve leaflet by themselves. They rupture 
under flexural loads which make up roughly 10% of the ML that can be applied to 
natural tissue and their stiffness factor ST is far too low as well. It is observed that 
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the mechanical properties increase with leaflet thickness. As such, it could be 
considered to manufacture thicker scaffolds with the collagen moulding process.  
Within this research, however, it is deemed a better recourse to combine the 
beneficial interface properties of these collagen sheets with the mechanical strength 
of PCL scaffolds. By creating hybrid PCL/collagen scaffolds, PCL could be used as 
a structural backbone while the collagen provides for ECM-like interaction with 
seeded cells.  
 
7. 4.  HYBRID SCAFFOLDS PCL-COLLAGEN 
7. 4. 1.  Production of hybrid scaffolds 
7. 4. 1. a.  3D plotting of PCL scaffolds 
PCL17
7. 4. 1. b.  Collagen moulding for PCL scaffolds 
 scaffolds were manufactured through 3D plotting on the BioScaffolder. A 
28g needle was used to plot scaffolds with a 10x10 mm² section and four layers 
deposited under a 90° stacking angle (0°/90°/0°/90°). The processing parameters 
which were optimized for the combination PCL/28g needle in Chapter 2 were used.   
An Apcoll-based collagen solution was prepared according to the same methods 
described for the pure collagen leaflets; the hybrid PCL-collagen scaffolds were 
created by two different procedures: 
i. PCL_C (dip Coated): these scaffolds were dipped in the cold collagen 
solution, after which they were placed in an empty mould cavity; 
ii. PCL_CE (dip Coated + Embedded): these scaffolds were first dip 
coated as described above, and then gently inserted into a mould cavity 
which has just been filled with collagen solution. 
For both hybrid scaffold types, the mould is then placed in the oven for 48 hours at 
37°C, with the intention of obtaining a dry collagen layer on the PCL surface. 
Scaffolds are removed from the mould cavities without wetting (the collagen sticks 
more to the PCL than to the mould cavity) and stored under dry conditions 
afterwards.  
7. 4. 1. c.  Results and discussion 
Six random parts from the PCL_C and PCL_CE series were weighed, as well as six 
untreated scaffolds (referred to as PCL). Results were averaged and are shown in 
Table 7-2; they indicate that the dipping treatment adds only little material to the 
                                                        
 
17 PCL CAPA 6500 (Perstorp, UK) 
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scaffold, while the attachment of collagen is more substantial for the parts which 
have also been embedded during gelling.  
 
Table 7-2: Mean mass of the different scaffolds.  
 
Scaffold type mass [mg] 
PCL 30.31 ± 1.4 
PCL_C 31.25 ± 1.1 
PCL_CE 35.34 ± 0.8 
 
Scaffolds were then visually inspected with the Keyence VHX 500 microscope. In 
Figure 7-13 it may be seen that the manufactured scaffold had a regular and porous 
structure.  
 
 
Figure 7-13: Visual inspection of the plotted 28g90 scaffolds (a): full 28g scaffold 
(10x) and (b) enlarged view of the filament structure (100x). 
 
The PCL_C scaffolds, which had only been dip coated display a random attachment 
of some collagen gel over their surface, as is shown in Figure 7-14. The visually 
discerned presence of collagen on the surface varies from quite dense to nigh absent.  
 
 
Figure 7-14: Results of the dipcoat (C) treatment.  
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The PCL_CE scaffolds, which had been embedded in collagen during the oven 
treatment, are covered by a seemingly confluent collagen layer as shown in      
Figure 7-15(a). Closer inspection in Figure 7-15(b) indicated that this layer is         
(i) suspended over and between the neighbouring PCL filaments and (ii) is complete 
and unbroken yet not homogeneous in composition, as regions of different opacity 
could be observed. Less dense spots are observed on and around the underlying PCL 
struts, which possibly came into existence as the collagen gel desiccated and 
crimped onto the PCL surface.  
 
 
Figure 7-15: Result of the dipcoat + embedding treatment (CE).  
 
There is no remaining porosity for the PCL_CE scaffolds; all the surface pores are 
closed off by the collagen top layer. This is not necessarily a disadvantage, as the 
collagen layer is quite thin; once cells have attached and begin to proliferate, is it 
assumed they may well penetrate into the underlying porosity of the scaffold [8]. 
 
7. 4. 2.  Mechanical properties 
7. 4. 2. a.  Methods 
The scaffolds’ mechanical properties were evaluated under flexural loading by 
performing the static rupture test, using the newly developed sample holder. 
The used protocol was identical to the one applied for the leaflet scaffolds in 
Chapter 6; the values for EXT, ST and ML were determined as before. Three 
scaffolds were tested per type and their results averaged. After the flexural tests, all 
scaffolds were inspected using the Keyence VHX500 microscope.  
7. 4. 2. b.  Results and discussion 
The up going load-indentation curves for the static rupture test are shown in      
Figure 7-16 for the PCL-C hybrid scaffolds. No immediate influence of the collagen 
can be seen in the shape of the curves, which are similar to those obtained for pure 
PCL scaffolds of the 28g series in Chapter 6: a slanted J-curve which is tipped off by 
a plateau in the failure region.  
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Figure 7-16: Load-indentation curves for the PCL_C scaffolds. 
 
Looking at the load-indentation curves for the PCL-CE type scaffolds in          
Figure 7-17, however, it is observed that all three curves include a pronounced local 
peak in the lower load areas, after which the curves appears to continue their 
increase as would be expected of the PCL scaffolds. This peak is attributed to the 
failure of the collagen top layer. Furthermore, the PCL_CE scaffolds obtain higher 
rupture strength levels (ML) than the PCL-C parts, indicating a contribution of the 
collagen fraction to the mechanical properties.  
 
  
Figure 7-17: Load-indentation curves for the PCL_CE scaffolds. 
 
Visual evaluation of the tested scaffolds in Figure 7-18(a) shows that the collagen 
top layer is completely punched out by the ball probe, after which it is drawn along 
 Micro-Extrusion of Thermoplastics for 3D Plotting of Scaffolds 
 
 190 
with the deforming PCL filaments. The punched-out collagen circle remains 
structurally intact, which makes it harder for the ball probe to slip between the 
deformed filaments and increases the ML required for failure of the scaffold.  
The scaffold in Figure 7-18(b) was loaded until just after the appearance of the local 
peak in the load-indentation curve. Evaluating the scaffold afterwards confirms that 
the peak is caused by the punching out of the collagen; a circular tear the size of the 
indentation hole (6 mm) can be seen in the collagen top layer. 
 
 
Figure 7-18: (a) PCL_CE scaffold after static rupture test and (b) PCL_CE scaffold 
which was loaded until the occurrence of the peak in the load-indentation curve.  
 
The results for EXT, ML and ST are listed in Table 7-3 for both hybrid scaffold 
types. For the PCL_CE series, ST values are listed for the both the regions before 
and after the peak which represents the puncture of the collagen top layer. It is clear 
that the collagen contributes to the flexural resilience of the scaffold: PCL_CE 
leaflets display notably higher values for ML and ST. Moreover, the ST value is 
higher before the peak, when the collagen layer is still intact. The larger variation on 
ST values for this region is attributed to the seemingly weaker collagen top layer of 
scaffold PCL_CE_3. 
 
Table 7-3: Results of the static rupture test. 
 
Scaffold type EXT [mm] ML [N] ST [N/mm] 
PCL 2.57 ± 0.05 26.83 ± 0.44 10.22 ± 0.77 
PCL_C  2.84 ± 0.17 25.45 ± 1.05 15.05 ± 0.22 
PCL_CE before peak - - 22.35 ± 7.85 
PCL_CE after peak 2.76 ± 0.18 32.00 ± 0.81 17.43 ± 2.18 
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The increase in ST between the untreated and the PCL_C hybrid scaffolds seems 
unduly large, since the added collagen is randomly spread and not expected to 
contribute to the mechanical properties of the leaflet in the degree which has been 
noted. This leads to the question whether the 48 hour oven treatment may have 
affected the properties of the scaffold, something which will be investigated in the 
next section.  
 
7. 4. 3.  Physicochemical properties 
7. 4. 3. a.  Methods 
These experiments are set up in order to determine whether the 48 hour oven 
treatment of the hybrid scaffolds has affected the PCL material properties; more 
specifically, the size of the crystalline fraction is investigated for: 
i. An unmodified PCL scaffold, manufactured by 3D plotting; 
ii. A PCL scaffold from the same production series, which is afterwards 
placed in an oven at 37°C for 48 hours, similar to the hybrid scaffolds.  
The scaffolds were cut into smaller pieces to fit into the DSC pan and subjected to a 
DSC18 run for which open aluminium pans were used, under a protective N2 
atmosphere; the scaffolds were heated from 20°C to 100°C at a rate of 10 K/min. 
The results were analyzed with TA software19
  
: crystallinity was calculated by 
determining the expended energy of the melt peak and comparing it to the enthalpy 
of a theoretically 100% crystalline PCL (142 J/g) as was done previously in   
Chapter 3. All experiments were conducted in triplicate and their results averaged.  
                                                        
 
18 DSC 204 F1 apparatus (Netzsch, Germany) 
19 (TA Instruments, Belgium) 
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7. 4. 3. b.  Results & discussion 
The resulting DSC curves are shown in Figure 7-19 for both scaffold types.  
 
 
Figure 7-19: DSC curves for (a) the unmodified PCL scaffolds and (b) the oven-
treated scaffolds. 
 
It was found that the size of the crystalline fraction of the untreated scaffolds was 
48.56 ± 0.43 %, which is lower than the value that was determined for unprocessed 
granulate (53.4%) or the maximum crystallinity indicated by the manufacturer 
(56%) [9]. The scaffolds which had undergone the oven treatment displayed a 
crystallinity rate of 52.72 ± 1.81 %, some 4% more than their untreated counterparts. 
Clearly, by heating the PCL polymer scaffold to temperatures (37°C) above its 
crystallization temperature (16 to 25°C) for a prolonged period, a certain degree of 
recrystallization has occurred, expanding the crystalline fraction towards its full 
potential. This increased crystallinity is expressed by the improved mechanical 
properties which were noted for the hybrid scaffolds which had undergone the oven 
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treatment to gel and desiccate their collagen component [10, 11]. It is concluded that 
the rise in ML and ST between the untreated PCL and the PCL_C scaffolds can be 
attributed at least partially to the recrystallization during the oven treatment, while 
the subsequent increase in properties for the PCL_CE leaflets is related to the 
presence of the structurally sound confluent collagen top layer.  
 
The occurrence of this recrystallization is unfortunate in that it contributes to an 
increased ST value, a property of the PCL scaffolds which should on the contrary be 
lowered to approximate the behaviour of the natural valve leaflet. Moreover, the fact 
that the PCL scaffolds are subject to recrystallization at body temperatures implies 
that the crystalline fraction – and with it the stiffness – will in fact increase in 
scaffolds which have been implanted or placed in a bioreactor for culturing. This has 
been observed in vivo by Lam et al. [12], who evaluated the in vivo degradation 
behaviour of PCL in the rabbit model for subcutaneous and intramuscular 
implantation sites. They reported an increase of 3% in crystallinity over the course 
of a six month implantation period, coupled to an increase in compressive strength 
of no less than 35%.   
It poses a complication that should henceforth be kept in mind when researching 
PCL scaffolds; realizing a complete crystalline fraction prior to use of the construct 
at body temperatures might provide a solution.  
 
7. 4. 4.  Biological properties 
7. 4. 4. a.  Methods 
Hybrid PCL/collagen scaffolds of both types were evaluated for cell attachment and 
proliferation in a similar manner as the pure collagen leaflets, with the difference 
that they were kept in culture for seven days prior to histological examination. Three 
scaffolds per type were kept in culture for seven days for the histology, leaving only 
a single scaffold available for the MTS cell viability assay after 72 hours. By means 
of reference, the MTS assay was also executed for two unmodified PCL scaffolds. 
7. 4. 4. b.  Results and discussion 
Figure 7-20 shows the results of the MTS assays on the PCL_CE and PCL_C 
scaffolds, compared to the results for unmodified PCL. With optical density values 
around 1 (100% viability), a great improvement in cell viability is noted for the 
scaffold surfaces after the 72 hour cultivation period.  
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Figure 7-20: Cell viability results of the PCL (n=2) PCL_CE and PCL_C scaffolds.  
 
H&E staining allows for a clear visualization of the scaffold structure. Figure 7-21 
indicates how the filaments of the different layers interconnect quite well.  
Figure 7-22(a) shows the confluent top layer of collagen on a part of the PCL_CE 
scaffold surface. The layered structure of the collagen, as equally observed for the 
pure collagen scaffolds, is depicted in Figure 7-22(b). 
 
 
Figure 7-21: Histology of a PCL_C scaffold (10x) 
 
 
Figure 7-22: Histology of a PCL_CE scaffold: (a) thin collagen layer and (b) thicker 
more confluent top layer of collagen.  
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Although pure collagen leaflets displayed very good cell-related properties and 
ELISA assays after 72 hours showed an excellent cell viability, no cells have 
adhered to the scaffolds after seven days as demonstrated by histology.  
Possibly the cells have detached completely from the scaffolds during preparation 
for histology (artefact). This could be checked by performing the ELISA assay and 
histologic examination at a similar cultivation time. Alternatively, it would be 
interesting to perform a trial with longer cultivation times of 28 days for example, to 
evaluate whether the lack of cells at seven days indicates a temporary lapse in cell 
proliferation or an overall non-viability or cytotoxicity in the longer term.  
 
7. 5.  CONCLUSIONS & PROSPECTS 
The Collagen Moulding procedure has proven to be a reliable technique for the 
manufacture of both thin collagen leaflets and hybrid PCL-collagen scaffolds.  
The pure collagen leaflets display auspicious properties in relation to cell viability 
and proliferation after 72 hours of culture with oMSCs: cell viability values of 
nearly 100% were observed for the 50 µm parts and a thick multilayer of cells could 
be observed on the scaffold surface as indicated by histology. 
Their mechanical properties, however, are far inferior to those of the natural valve 
cusp, with ST values of about 20% and ML values of a mere 12% of those obtained 
for natural tissue. To use these pure collagen parts as functional load-bearing 
scaffolds by themselves, these properties certainly require improvement. Such could 
be achieved by the use of a crosslinking agent during or after gelling, yet this would 
adversely affect the cell-related properties of the construct.  
Therefore, it is preferred to investigate the possibilities of hybrid solutions, wherein 
PCL is used as a structural backbone for the collagen surface layer which will serve 
as substrate for the seeded cells. The experiments within this chapter have 
demonstrated that it is possible to create such hybrid scaffolds, with a good 
attachment of the collagen layer to a 3D plotted PCL scaffold. Their mechanical 
properties are comparable to those of the PCL scaffolds themselves, taking into 
account the additional crystallization which is induced by the oven treatment. 
Concerning their cell-friendliness, conflicting results were obtained: although cell 
viability results of around 100% were observed by ELISA assays after 72 hours, no 
cell adhesion on the scaffolds was present after 7 days of culture, as demonstrated 
by histology. Future experiments with a longer cell culture time will have to provide 
more insight there.  
Overall, it is concluded that the Collagen Moulding technique offers interesting 
possibilities for the processing of the natural polymer collagen into scaffold 
interfaces with a structural resemblance to the extracellular matrix. Further research 
will have to specify the usefulness of the technique for the manufacture of 
cardiovascular tissue replacements which are functional in terms of both mechanical 
and biological properties.   
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Chapter 8  
 
MICRO-EXTRUSION OF THERMALLY SENSITIVE 
POLYMERS  
This chapter assesses the possibility to expand the use of the BioScaffolder 
technology for reliable use with thermally sensitive polymers like poly-lactic 
acid (PLA). An introduction is made to PLA-based polymers for tissue 
engineering applications and the thermal properties of PLA are quantified. A 
series of PLA scaffolds is manufactured to determine part reproducibility with 
the conventional thermoplastics machine dispense head. A subsequent 
analysis of the dispense head’s thermoregulation shows that the polymer 
batch material is kept at elevated processing temperatures for extended 
periods of time during processing. As such, the impact of this so-called 
residence time on a selection of PLA-based thermoplastics is investigated. 
Finally, these results are grouped into recommendations to optimize the 
micro-extrusion process for thermally sensitive polymers.  
 
8. 1.  INTRODUCTION 
Since one of the main strategic goals in the field of tissue engineering is translating 
the technology to large scale clinical applications [1], a reliable production method 
for scaffolds is a key element in furthering tissue engineering research towards 
solutions for the patient [2]. For the fabrication process, this entails the need for 
predictable and reproducible geometrical and mechanical properties of the 
manufactured scaffolds. The same set of parameters used for the same polymer must 
yield the same result over and over again. Only in this way can production be 
considered sufficiently reliable for up-scaling. If a polymer material were to degrade 
under thermal load during the production process, melt viscosity would be altered 
[3]. This causes the material to flow differently, thus changing the amount of 
material plotted per time unit and thereby directly affecting geometrical output. 
Moreover, degraded material will suffer a loss of mechanical properties [4]. Even if 
the operator were to adjust the processing parameters to match the altered material 
flow and still obtain a good scaffold shape, its functional properties would change 
along with those of its composing material.  
 
In the first part of this research it has been proven feasible to manufacture porous, 
reproducible scaffolds in thermoplastic PCL with mechanical properties tailored to 
approximate those of the natural tissue counterpart. However, PCL is a thermally 
very stable material: it will degrade by unzipping upon reaching thermal 
decomposition temperatures of  250°C but not at Tpr, which is around 100°C 5[ ]. 
Whether 3D plotting by micro-extrusion can also be applied as a reliable processing 
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technique for thermally more sensitive polymers remains to be investigated. Poly-
(lactic acid) (PLA) is such a polymer, which is known to be sensitive to thermal 
degradation [3, 4, 6-11] during processing.  
 
Within the same family of FDA-approved biodegradable poly-(α-hydroxy-esters) 
such as PCL, PLA also finds wide application as a scaffold material for tissue 
engineering. As with PCL, PLA contains an ester linkage which is hydrolytically 
unstable [12], allowing for a breakdown in the body into non-toxic waste products 
over a period varying from a month to several years [13, 14]. The most important 
determinants for the mechanical and degradation behaviour of these materials are 
their crystallinity and molecular weight. A highly crystalline material will have 
many strong regions and degrades slower. The same goes for molecular weight: as it 
increases, more covalent bonds are formed in the material with a strengthening 
effect (each covalent bond must be broken for the degradation) and more 
entanglements will occur in the structure. These effects are beneficial for 
applications where increased mechanical properties and a slow degradation are 
desired. PLA polymers are mostly obtained through the process of ring-opening 
polymerisation [15], as shown in Figure 8-1. The reaction takes place under the 
influence of catalysts and added heat.  
 
 
Figure 8-1: Ring-opening polymerization of lactic acid into PLA. 
 
Lactic acid has two isomers, the L- and D-type PLA, depending on the chiral 
position of the methane group. Among the commercially used PLA polymers, PLLA 
consists purely of the L-PLA variant and has semi-crystalline properties, while 
PDLLA includes both the L-PLA and D-PLA variant and will usually have an 
amorphous nature [16].  
Degradation of the polymer into a body acid occurs in two phases. The first phase is 
the intrusion of water into the amorphous part of the polymer structure, resulting in 
the hydrolysis of the ester group. In the second phase the crystalline part of the 
polymer undergoes hydrolysis. 
PLA and PCL have different degradation rates and mechanical properties. 
Copolymerization and variations in chain length allow for a broad range of 
mechanical properties and in vitro/in vivo degradation characteristics [17]. For 
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example, degradation time may be tailored by combining fast degrading with slower 
degrading polymer fractions [18].  
The main differences between PLLA and PCL are listed in Table 8-1 [19]. PLA has 
higher transformation temperatures and a significantly larger tensile modulus; PLA 
scaffolds will be stiffer than PCL parts as well as more brittle, since their Tg
 
 is 
above service temperature.  
Table 8-1: Transformation temperatures, tensile modulus, degradation time and 
breakdown product for PLA and PCL. 
 
Polymer (Mw
[Da] 
) T
[°C] 
g T
[°C] 
m E
[MPa] 
t degr.  time 
[months] 
breakdown 
products 
PLLA (50000) 60-65 173-178 1200 < 24 lactic acid 
PCL (107300) -60 60-65 343 24-36 caproic acid 
 
 
8. 2.  PROCESSING-RELATED THERMAL PROPERTIES OF PLA 
8. 2. 1.  Introduction  
In this section, the processing-related thermal properties of the PLA thermoplastic 
are investigated. These include the transformations in the polymer as well as heat 
uptake by the solid granulate and the melt phase. Even when being kept at 
isothermal conditions, the semi-crystalline polymer will for some time continue to 
take up heat. In the solid state, the quantities of this heat uptake are very low and 
they contribute to small structural rearrangements within the polymer. In the melt 
phase, however,  this heat uptake is more substantial and will entail a degradation of 
the polymer chain.  
 
The glass transition, crystallization and melting transformations are recorded in a 
DSC experiment, and the specific heat of each transformation is quantified for 
further use in the modelling of the thermoregulation of the conventional dispense 
head, a steady-state heat transfer analysis (ABAQUS) which will determine the 
thermal load on the polymer during processing.  
In addition to these transformations, the heat uptake level QDSC [mW/mg] 
 
of the 
material at different temperatures is quantified. This data will equally be used for the 
modelling of the thermal interaction between the polymer and the machine dispense 
head during processing.  
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8. 2. 2.  Materials and methods 
The polymer material used was granulated semi-crystalline medical L-PLA1
Table 
8-2
. Some 
key property values from the manufacturer’s material data sheet are given in 
. The crystallization temperature Tc
 
 was not specified, but will be determined 
experimentally.  
Table 8-2: Material properties of L-PLA B6002-2 according to manufacturer data 
sheet. 
property value 
η inh 9.0-12.0  [l/g] 
Tm 173-178  [°C] 
Tg 60-65  [°C] 
 ρ [kg/m³] 1240 
 
The experiments were executed with a modulated DSC apparatus2 and analyzed 
with TA software3
 
. Open aluminium pans were used. The energy signals were all 
recorded with a correction file of an empty pan with equal heating protocol, 
composed just prior to the actual DSC run, to ensure a correct baseline signal. 
For the analysis of the transformations in PLA during heating, 22.55 mg of material 
was heated under protective N2 atmosphere at a constant heating rate of 10 K/min 
from 25°C to 250°C. For each transformation, the change in specific heat             
∆Cp [J/g*K]  
 
, which describes the relevant change in enthalpy, was determined.  
To determine the heat uptake of the solid granulated material, two protocols of 
consequent isothermal steps were realized. The first experiment investigated the heat 
uptake  below Tg: 42.26 mg of granulate was heated to 30°C at 10 K/min, then held 
isothermally for 10 minutes to allow the baseline to stabilize, after which it was 
heated at a slower rate of 1 K/min to 35°C where once more it was held for              
5 minutes. This period of 5 minutes is sufficient for the baseline of the energy signal 
to return to a lower platform of a constant value which represents the energy uptake 
during the isothermal interval. Additional temperature steps of 5°C were made to   
40 and 45°C. The second experiment investigated heat uptake above Tc (but below 
Tm
                                                        
 
1 Durect-Lactel B6002-2 (Durect, Germany) 
): 44.30 mg of PLA was heated to 100°C at 10 K/min, and held isothermally for 
10 minutes after which it was heated at a slower rate of 1 K/min to 110°C where it 
was again held for 10 minutes. Additional temperature steps of 10°C were made up 
to 150°C. 
2 DSC 204 F1 (Netzsch, Germany) 
3 (TA Instruments, Belgium) 
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To determine the heat uptake of the viscous polymer melt, a similar protocol of 
isothermal steps was realized at high temperatures: 44.00 mg of material was heated 
to 170°C at 10 K/min, and held isothermally for 10 minutes after which it was 
heated at a slower rate of 1 K/min to 180°C where once more it was held for          
10 minutes. Additional temperature steps of 10°C were made up to 230°C.  
For these step-wise isothermal experiments, energy flux levels QDSC
 
 [mW/mg] were 
measured during each isothermal step, indicating how much heat the material is 
absorbing at each temperature. 
8. 2. 3.  Transformations in PLA 
The DSC results for the material transformations of the PLA are shown in        
Figure 8-2. The curve includes the step-change of the glass transition, as well as the 
well-defined peaks of the exothermal crystallization reaction and the endothermal 
melting transition.  
 
 
 
Figure 8-2: DSC results for the transformations in PLA during heating. 
 
By integrating the area under the crystallization and melting peaks, the respective 
specific heat values for these transformations are calculated. More energy is 
expended during melting than during crystallization, which indicates that the 
material granulate already included a crystalline fraction prior to the heating cycle. 
An overview of the transformation onset and peak temperatures, as well as their 
duration and specific heat is given in Table 8-3. 
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Table 8-3: Transformation temperatures and their durations during heating of PLA. 
transf. T
[°C] 
onset T
[°C] 
peak ∆C
[J/g*K] 
p  ∆t 
[s] 
T 56.1 g 56.5 1.644 54 
T 94.9 c 100.6 -3.38 60 
T 167.5 m 179.8 3.005 78 
 
The glass transition ends at 66.2°C. When comparing these results to the 
manufacturer’s information from Table 8-2, it may be concluded that their values for 
Tg and Tm are within the measured regions of these experiments. Tc
With a T
 cannot be 
compared, as it was not listed by the manufacturer.  
g above both room (25°C) and body temperature (36-42°C), a PLA scaffold 
will be in the rigid glassy state during manipulation, culturing and implantation. For 
applications which require some degree of flexibility like blood vessels and heart 
valves, it may be necessary to blend in plasticizing elements or to copolymerize with 
materials like PCL which have Tg
 
 well below ambient temperatures.  
8. 2. 4.  Heat uptake of the granulate 
8. 2. 4. a.  Below T
The results of the low-temperature step-wise isothermal DSC run are shown in 
g 
Figure 8-3. Energy levels rise during active heating and settle to a lower constant 
value during the isothermal intervals, from which the QDSC 
 
values are determined.  
 
Figure 8-3: DSC results for solid material heat uptake below Tg.
 
 The dotted line 
illustrates the temperature, the full lines describe the energy signal. 
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In the heating step from 40 to 45°C, the beginning of a spike can be seen in the DSC 
curve and it takes longer for the energy level to settle back during the isothermal 
step. This may be attributed to the nearing of Tg
20
. During the progressive heating trial 
– where the polymer is heated at a constant rate of 10 K/min – glass transition is 
only initiated at 56.1°C. Material transformations, however, will set in earlier for an 
isothermal approach to the transformation temperature than for a treatment with a 
continuous heating rate [ ]. For this reason, a valid energy signal could not be 
obtained for the isothermal step of 50°C, as glass transition had set in and no 
constant energy level could be measured. 
 
For each isothermal temperature level, the derived values for energy transfer QDSC
Table 8-4
 
are listed in .   
 
Table 8-4: Corresponding DSC curve interval and energy level QDSC at three 
isothermal levels below Tg
 
. 
T 
[°C] 
curve 
interval 
Q
[mW/mg] 
DSC 
35 1.04-1.05 0.001006 
40 1.06-1.07 0.001917 
45 1.08-end 0.002847 
 
As can be expected, QDSC
8. 2. 4. b.  Between T
 rises with increasing temperature. Energy is absorbed by 
the granulate, adding to the mobility of the polymer chains until glass transition is 
achieved. Still, these values are very low compared to the energy uptake of the 
actual glass transition, implying that they will have little effect on the polymer chain 
configuration.   
c and T
The results of the low-temperature step-wise isothermal DSC run are shown in 
m 
Figure 8-4. As with the previous experiment, energy levels rise during active heating 
and settle to a lower constant value during the isothermal intervals, from which the 
QDSC 
 
values are determined.  
A large spike can be seen in the beginning of the curve. This is caused by a 
combination of the changeover from a fast (10 K/min) to a slow (1 K/min) heating 
rate in the step from 100 to 110°C and the finishing of the crystallization transition. 
Afterwards, all isothermal intervals display steady energy levels which increase 
slightly with temperature. 
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Figure 8-4: DSC results for solid material heat uptake between Tc and Tm
 
. The 
dotted line illustrates the temperature, the full lines describe the energy signal.  
Per isothermal temperature level, the derived values for the energy transfer QDSC
Table 8-5
 are 
listed in . The first measured interval (110°C) is at a higher energy level 
because of its proximity to the recent crystallization. From 120°C onwards, a small 
increase in QDSC may be observed with rising temperature. while in the same low 
regions, these values remain more steady than those recorded at temperatures below 
Tg
 
, indicating that the solid granulate will not absorb as much energy while being 
heated towards the melting transformation as it did towards the glass transition.  
Table 8-5: Corresponding DSC curve interval and energy level QDSC for heat uptake 
at five isothermal levels between Tc and Tm
 
. 
T 
[°C] 
curve 
interval 
Q
[mW/mg] 
DSC 
110 1.02-1.03 0.001542 
120 1.04-1.05 0.001336 
130 1.06-1.07 0.001504 
140 1.08-1.09 0.001515 
150 1.10-1.11 0.001559 
 
 
8. 2. 5.  Heat uptake of the polymer melt 
The results of the step-wise isothermal DSC run determining the heat uptake of the 
polymer melt are shown in Figure 8-5. The typical rising of  the energy levels during 
active heating, followed by a lapse to a lower constant value during the isothermal 
intervals may be observed once more. The large peak, which is evident for the 
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heating from 170 to 180°C, is caused by the melting transformation. Thus, constant 
heat flux values are determined from 180°C on.  
 
 
 
Figure 8-5: DSC results for polymer melt heat uptake. The dotted line illustrates the 
temperature, the full lines describe the energy signal.  
 
For each isothermal temperature level, the derived values for the energy transfer 
QDSC Table 8-6 are listed in .   
 
Table 8-6: Corresponding DSC curve interval and energy level QDSC
 
 for heat uptake 
in the melt phase. 
T 
[°C] 
curve 
interval 
Q
[mW/mg] 
DSC 
180 1.03-1.04 0.006541 
190 1.05-1.06 0.007457 
200 1.07-1.08 0.01107 
210 1.09-1.10 0.01765 
220 1.11-1.12 0.02810 
230 1.13-1.14 0.04515 
 
The energy levels are considerably higher for the polymer melt than for the solid 
granulate. Not only does the molten phase absorb more heat; this amount of heat 
absorption also increases more sharply with rising temperatures than for the solid 
state. It will be discussed further in this chapter how this heat uptake contributes to 
the degradation of the polymer.  
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8. 3.  PLA SCAFFOLD REPRODUCIBILITY 
8. 3. 1.  Introduction  
In order to determine whether PLA parts can currently be manufactured in a reliable 
and reproducible manner with the conventional thermoplastics dispense head of the 
BioScaffolder or not, a series of PLA scaffolds is produced. The processing 
parameters were fine-tuned according to the principles described in Chapter 2 and 
remained unchanged for all scaffolds produced. As such, the only difference 
between the scaffolds is how long the fresh PLA material had spent in the dispense 
head prior to extrusion. The scaffolds are evaluated by both visual inspection and 
measurements of FD and SD.  
 
8. 3. 2.  Scaffold series 
Scaffolds were 3D-plotted in a technical PLA4 with a molecular mass of 120000 Da 
and Tm
The scaffolds were produced with constant processing parameters, which were fine-
tuned to the applied set prior to the production series. The machine dispense head, 
including fresh material, was allowed to heat up 30 minutes to a uniform 
temperature before the first scaffold was plotted. This interval was chosen based on 
empirical experience: on the one hand it should be as limited as possible to avoid 
unnecessary polymer degradation while on the other hand it must be sufficient to 
uniformly heat the granulate into melt.  
 = 152°C. Technical PLA was selected instead of medical-approved PLA 
because it (i) is much cheaper and (ii) generally displays better thermal stability than 
medical PLA’s, due to the presence of stabilizing agents. It was reasoned that if 
reliable plotting of PLA could not be achieved for technical PLA, it would most 
certainly not be possible for thermally even more sensitive medical PLA.  
Square-shaped scaffolds (dimensions 10x10x3 mm³) were fabricated using a          
23 gauge needle (ID = 330 µm), with primary processing parameters as listed in 
Table 8-7. Plotting of one scaffold lasted just under ten minutes.  
 
Table 8-7: Processing parameters for the PLA scaffold series. 
 
parameter value 
T 178 °C pr 
F 200 mm/min 
S 250 rpm 
SD 600 µm set 
 
                                                        
 
4 PLA M106 (Biopearls, The Netherlands) 
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The material was fresh at start-up and the so-called material residence time in the 
dispense head was recorded per scaffold. The residence time tr reflects how long the 
polymer has spent inside the heated dispense head prior to the start of extrusion for 
the current 3D plotted scaffold; tr
Fabricated scaffolds were measured with a 3D microscope
 includes the 30 minute heating interval at start-up 
of the machine.  
5
 
 for FD and SD, as was 
done in Chapter 2. SD is indicative of the precision and repeatability of the machine 
system, while FD will reflect any possible polymer degradation during processing, 
as an altered material flow will affect filament output from the extrusion needle. 
8. 3. 3.  Evaluation of FD and SD 
After the fifth scaffold it was no longer possible to achieve a coherent end product 
without adapting the processing parameters. Figure 8-6 shows the complete scaffold 
series, in chronological plotting order. Figure 8-7 shows a close-up of sections from 
the first and last scaffold. Visual inspection reveals that plotted filaments become 
thinner, and scaffolds generally become more irregular as they are further down the 
production series. Additionally, they break more easily by manipulating them. 
 
 
Figure 8-6: Series of 5 subsequently fabricated PLA scaffolds (magnification 20x, 
scale bar is 250 µm). 
 
                                                        
 
5 Keyence VX-500F (Keyence, Belgium) 
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Figure 8-7: Enlargement of sections of the 1st and 5th scaffold. (magnification 50x, 
scale bar is 250 µm).  
 
The FD and SD measurement results are listed in Table 8-8, and set out in function 
of tr Figure 8-8 in . For the more irregular scaffolds, SD measurements were done 
between parallel filaments and not the more awkwardly oriented strands which 
occurred. 
 
Table 8-8: FD and SD results for the manufactured scaffolds. 
 
scaffold # tr FD [min] m SD [µm] m
1 
 [µm] 
30 349 ± 4 609 ± 6 
2 40 391 ± 8 611 ± 7 
3 49 387 ± 11 614 ± 4 
4 57 340 ± 14 618 ± 5 
5 67 286 ± 6 614 ± 5 
 
SD does not vary significantly over the production series. Since SD is dependent 
only on the precision of the deposition system (XY positioning of the dispense 
head), this highlights that process repeatability remains good, despites the material 
flow being compromised. 
After an initial rise, an obvious decline in FD with extended residence time is 
observed. Concerning the lower FD value for the first scaffold, this may be 
attributed to insufficient preheating time prior to actual plotting. Limited to half an 
hour to prevent material degradation, the dispense head and bulk material were 
probably insufficiently heated to a uniform processing temperature, resulting in a 
more viscous flow of the polymer and a lower material output. From the second 
scaffold on, this normalized to operating conditions. The downward trend in FD 
indicates a reduced material deposition as the polymer spends more time in the 
heated dispense head, which is attributed to material degradation caused by the 
longer residence time at elevated temperature. As a result, the PLA scaffold 
geometry cannot be reproduced in a reliable manner without changing the process 
parameters.  
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Figure 8-8: Evolution of FD and SD within PLA scaffold series. 
 
The larger variation on the FD values indicates that the FD does not remain constant 
over the length of the deposited filament, but instead contains thicker and thinner 
sections.  
As a final consideration, it must be remarked that the properties of the polymer 
probably change even within the time span of ten minutes it takes to plot a single 
scaffold, implying that material properties will vary within the scaffold itself. FD 
and SD measurements were done on the top layers of the scaffold, which contain the 
polymer last deposited by the dispense head.   
 
8. 3. 4.  Design flaws in the conventional dispense head 
Having established that with the current dispense head setup, the scaffold geometry 
is not reproducible for the thermally sensitive PLA polymer, it is worthwhile to 
analyze the possible causes of material degradation during processing. 
8. 3. 4. a.  Batch-wise production and uniform heating 
All of the components which make up the material’s processing path (described in 
Chapter 2) are stainless steel parts, which are assembled around the core mould 
block. As is required for its biomedical application, the dispense head materials are 
inert to the passing polymer; yet the steel is also notably heat-conductive. This is 
advantageous in the central block, where the added heat can diffuse evenly towards 
the guidance channel and barrel with auger screw, the zones where the material 
should be a viscous melt to allow for extrusion. Unfortunately, the heat is distributed 
evenly towards the hopper where the material remains until used, placing it at 
processing temperatures long before it is actually drawn into the mould block for 3D 
plotting. Combined with the batch-wise material supply to the dispense head (a 
dosed amount of granulate is inserted at a time and left there until it is used during 
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production), this will cause a prolonged thermal load on the polymer. To avoid 
expensive material losses, the hopper may be refilled in between production runs by 
adding material to the heated batch. However, this means the operator must go 
through the cumbersome exercise of dosing enough material to complete the 
planned production, but not too much as unused batch material is lost for further 
recovery, being heated along with the rest. Figure 8-9 illustrates how all the batch 
material has formed into a solid molten clot after production as opposed to its initial 
granulated form, illustrating that all batch material is equally heated to set mould 
block temperatures, which is above melting point.   
 
 
Figure 8-9: A solid material clot can be observed when removing the hopper tube 
after a production run working with PLA. 
 
With a plotting output of less than a gram per hour, material often spends hours 
under severe thermal load before being processed. Bearing in mind that polymers 
like PLA become already severely degraded after 1 hour [10, 11], this is a most 
unwelcome influence on the material. Moreover, it is a progressive one: as 
production time passes, the polymer will continue to deteriorate, to the detriment of 
the system’s reproducibility.  
8. 3. 4. b.  Needle freeze-off  
It was noted in Chapter 2 (Figure 2-3) how the extrusion needle is exposed to the 
surrounding air under the dispense head block. Responsible for the profiling of the 
flowing melt in the 6 mm diameter auger screw to a filament of a few hundred 
micrometres for deposition, this is effectively the narrowest section of the material 
path, requiring the least viscous flow for passage. In traditional plastics processing, 
this point where the melt exits the barrel is the hottest spot and the temperature 
profile gradually builds up to it. The plotting needle, however, by its direct exposure 
to the surrounding atmosphere, is the coldest section and as such the most 
susceptible to freeze-off by solidification of the melt flow. As a countermeasure, one 
Chapter 8 Micro-Extrusion of Thermally Sensitive Polymers 
 
 211 
is forced to elevate the set temperature of the heating elements, so that residual heat 
at the needle will be sufficient for extrusion. In the central core block where the 
thermocouple is situated, temperatures follow those of the setpoint, resulting in a 
locally excessive heating for the material in the guidance channel.  
 
Clearly, the need to overshoot temperature settings in the core mould block in order 
to achieve sufficient heating of the extrusion needle only serves to enforce the heat-
induced degradation of the batch material.  
 
8. 4.  THERMOREGULATION OF THE DISPENSE HEAD 
8. 4. 1.  Introduction 
By modelling the thermoregulation of the conventional dispense head, it is possible 
to quantify the degree to which the waiting batch material is (over)heated prior to its 
processing by extrusion.  
A heat transfer analysis is done with the use of ABAQUS™ finite element software. 
The biomedical L-PLA6 has a Tm
The steady-state analysis includes heat transfer by conduction, convection and 
radiation, as well as heat uptake by the polymer material in the internal channel of 
the dispense head. 
 of 179.8 °C. Practice teaches that in order to 
achieve 180°C in the extrusion needle so that material remains molten during 
extrusion, heater pins must be set at 200°C (the validity of this empirical setting will 
be investigated in the results).  
  
8. 4. 2.  Finite Element Model 
8. 4. 2. a.  Software 
For this study, ABAQUS™ is used, which has two calculation methods available for 
heat transfer analysis: ABAQUS/Standard and ABAQUS/explicit. The difference 
between the two is the way they calculate the information for the next time step. 
Standard uses an implicit integration method, which means that for the values at 
time T, the routine not only uses the information gathered in previous time steps, for 
t < T, but it also uses values at T itself. This means that for each time step, 
ABAQUS needs to run a few iterations before it reaches its convergence criteria for 
that step, but since it is self correcting, the time steps can be bigger than in 
ABAQUS/Explicit. Indeed, ABAQUS/Explicit uses an explicit integration method, 
which means that for the calculation of the values at time T, it only uses the values 
at times t < T. Therefore, it does not need to run multiple iterations for a single step, 
                                                        
 
6 Durect-Lactel B6002-2 (Durect, Germany) 
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but since it is not self correcting, the time steps need to be a lot smaller than in 
ABAQUS/Standard. 
ABAQUS/Explicit is best suited for dynamic problems, where speed, acceleration 
and inertia are key elements in the problem, as is the case with impact. Indeed, 
ABAQUS/Standard does not take these parameters in consideration [21]. 
 
As the analysis of the thermoregulation is a steady-state heat transfer analysis, 
without moving or deforming parts, ABAQUS/Standard can be used.  
8. 4. 2. b.  General settings 
The models were consistently dimensioned in °C, kg and mm.  
Absolute zero was entered as -273 [°C].  
Stefan-Bolzmann constant was entered as 5.6704*10-8 [Wm-2K-4
 
].  
Two analysis steps are defined. In the initial step, a predefined temperature field of 
25°C is placed on the entire model, simulating that the entire dispense head is at an 
ambient temperature level. The consequent step is a steady state heat transfer 
analysis in which temperature is calculated. In this heat transfer step, heat supply 
from the heater pins is modelled by placing a temperature boundary condition (T = 
200°C) on the surfaces of the bores where the heater pins would be situated. 
8. 4. 2. c.  Modelling of the dispense head 
For the heat transfer analysis, the assembly of the dispense head is reduced to its 
essential components: only those parts relevant to the heat transfer within the 
dispense head are used. Since all components are made of the same low-carbon steel 
(AISI 304), the dispense head is modelled as a single part in which the internal 
channel followed by the polymer during processing is placed. The real dispense 
head is shown in Figure 8-10(a). The geometrical single-part model in              
Figure 8-10(b) includes the core mould block, hopper, barrel and mounted needle. 
The cut view in Figure 8-10 (c) permits a view of the internal polymer channel 
(bluish grey) going from hopper tube through core block and barrel into extrusion 
needle. The bores for one of the two heater pins (blue) can also be seen.  
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Figure 8-10: Development of simplified geometry for dispense head. 
 
The relevant properties of the steel AISI 304 are taken from CES EduPack (Granta, 
UK); they are listed in Table 8-9 in the proper dimensions for input into the analysis 
file. The steel 304 material section is assigned to the entire model. 
 
Table 8-9: Material properties of steel AISI 304. 
 
property unit value 
Density ρ [kg m-3 7950 ] 
Thermal conductivity σ [kg m s-2 K-1 16 ] 
Specific heat C [m² s-1 K-1 510 ] 
 
8. 4. 2. d.  Conduction, convection & radiation 
Heat is conducted within the dispense head by the steel material.  
Two types of heat transfer by convection are applied: heat losses by the natural 
convection to the surrounding air of the exposed solid surfaces of the dispense head 
and the solid-to-liquid convection between polymer melt and the internal channel of 
the dispense head, which is discussed in the next section. The natural convection 
from the outer surfaces to the surrounding air is modelled by a surface film 
interaction on all the brown surfaces shown in Figure 8-10(b). The film coefficient h 
is derived from Equation (8.1) [22]: 
ℎ = 2 ∙ �(𝑇𝑇𝑠𝑠 − 𝑇𝑇𝑎𝑎)3     � 𝑊𝑊𝑚𝑚2∙𝐾𝐾�       (8.1) 
With Ts the temperature of the model surface and Ta the ambient temperature 
(25°C). The resulting film coefficient h = 11 [W m-² K-1
23
] is within the expected 
limits for natural convention from solid body to air [ , 24].  
Finally, heat losses by radiation to the surroundings are included. Radiation to the 
surroundings is modelled by adding a surface radiation interaction on the same outer 
surfaces with an emissivity value of ε = 0.22 for non-polished stainless steel [23] 
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and an ambient sink temperature of 25°C. The dispense head is considered not to be 
irradiated by its surroundings; heat uptake by radiation is neglected.  
8. 4. 2. e.  Modelling of the polymer material 
The polymer itself was not modelled as a separate part; its presence was instead 
simulated by modelling the polymer’s heat uptake from the walls of the inner 
channel in the dispense head. As was demonstrated in Figure 8-9, all of the polymer 
material in the core block, including the lower part of the batch in the hopper, is in 
the molten state for the steady-state of the dispense head. Heat uptake by the 
polymer melt is modelled by placing a surface interaction film on the inside of the 
processing channel from tip of extrusion needle up to a medium material level in the 
hopper. The surfaces on which this interaction is placed, are marked in red on  
Figure 8-11. For increased clarity, only the surfaces of the (solid) dispense head 
model are shown.  
 
 
Figure 8-11: Modelling of the polymer melt by adding a surface film interaction. 
 
The exact heat uptake by the thermoplastic melt is implemented based on the earlier 
DSC analysis results of medical PLA. For the step-wise isothermal experiments, 
energy flux levels QDSC
  ℎ(𝑇𝑇) = 10³ ∗ 𝑄𝑄𝐷𝐷𝐷𝐷𝐷𝐷 ∗ 𝑚𝑚𝐴𝐴   �𝑊𝑊𝑚𝑚 ²�     (8.2) 
 were measured during each isothermal step, indicating how 
much heat the material is absorbing at each temperature. These energy values are 
now normalized by the weight of the polymer sample (44.00 mg) and the surface 
area of the DSC sensor (12.56 mm²), resulting in a discrete temperature-dependent 
heat absorption coefficient h(T) expressed in [W/m²], as per equation (8.2): 
With: 
 QDSC
 m the mass of the polymer [g]; 
 [mW/mg] the recorded DSC signal; 
 A the surface area of the sensor [mm²].  
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Given that h(T) will be used to simulate an isothermal steady-state condition of the 
dispense head, its value is calculated as a single value for different isothermal 
temperature levels and not as a temperature-dependent function; the energy levels 
which reflect the rise in temperature between the different steps are disregarded. 
The different isothermal values of the temperature-dependent surface film 
coefficient h(T) are listed in Table 8-10; they are implemented into ABAQUS as a 
tabulated temperature-dependent coefficient for the surface film.   
 
Table 8-10: Temperature-dependent values of film coefficient h(T).  
 
T [°C] 180 190 200 210 220 230 
h(T) [W/m²] 23 26 39 62 98 158 
 
8. 4. 2. f.  Mesh  
The model was meshed with 10-node quadratic heat transfer tetrahedron elements of 
size 3 mm (element type DC3D10) as shown in Figure 8-12(a). In the cut view of  
Figure 8-12, only the surfaces of the (solid) dispense head model are shown for 
increased clarity.  
 
 
 
Figure 8-12: (a) Meshing of the dispense head model. (b) cut view of the meshed 
model. 
 
A sufficient mesh convergence was achieved for this element size. Mesh 
convergence refers to a refinement of element size so that the results of an analysis 
are no longer affected by changing the size of the mesh. Smaller elements will yield 
more accurate results but will equally increase calculation time.  
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Evaluation of mesh convergence was done by running the heat transfer analysis for 
the empty dispense head; the addition of the polymer material will not affect the 
mesh convergence, since it is not modelled as a separate part. The nodal temperature 
NT is determined in three points of the dispense head, as well as the calculation 
time. These three points are located in the midsection of the part as indicated in 
Figure 8-13 (only the surfaces of the model are shown): the upper left corner ULC, 
upper right corner URC and the tip of the extrusion needle TIP. These points are all 
chosen on the outside of the part, where (i) there is sufficient distance between them 
and the heat source of the resistive pins and (ii) the surface is subject to heat losses 
by convection and radiation.  
 
The mesh elements were refined in size from 10 mm to 1 mm and the resulting 
nodal temperatures (NT) were measured; they are shown in Figure 8-14  along with 
the calculation time of the analysis. 
 
 
Figure 8-13: NT was determined in 3 points of the cross-section of the dispense head 
coincident with the internal channel axis: ULC (upper left corner), URC (upper right 
corner) and TIP (tip of the extrusion needle). 
 
No heat concentrations occurred in the three measurement points, as can be observed 
in Figure 8-15(a), which proves that the chosen points are suitable as a reference for 
mesh convergence.  
The NT in the needle tip makes a large drop between element size 8 and 7 mm and 
another smaller drop from element size 3.5 to 3 mm. Afterwards NT(TIP) values 
converge towards 178°C. NT in the ULC seems to decrease steadily from 190 to 
189.5°C. No specific slope discontinuity can be identified. NT in the URC on the 
other hand makes a step change from mesh size 7 to 6 mm and between 4 and 3 mm 
as well. Based on the NT results, a mesh element size of 3 mm or smaller would be 
an acceptable value for mesh convergence.  
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Figure 8-14: Convergence of NT and calculation time values for smaller mesh 
element sizes. 
 
When looking at the calculation time, it rises exponentially once element size goes 
below 3 mm. Therefore, it is decided to use a mesh element size of 3 mm for the 
analysis of the conventional dispense head. The software automatically refines the 
mesh around the thinner section of the needle tip, as shown in Figure 8-15(b). 
 
 
Figure 8-15:  (a) The lack of heat concentrations in the three measurement points 
used for mesh convergence and (b) mesh in the needle tip.  
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8. 4. 3.  Heat transfer analysis  
The results for the heat transfer analysis of the conventional dispense head, 
including the influence of the polymer material, are shown in Figure 8-16(a), with a 
sectional view of the polymer channel in Figure 8-16(b) and a close-up of the 
extrusion needle in Figure 8-16(c). The lowest temperature value achieved in the 
dispense head is 108.8 °C, marked in dark blue on the colour scale.  The individual 
elements are not shown for the benefit of clarity.  
The bottom side of the core block, where the polymer channel is located, attains a 
higher temperature than the top side. This is due to the proximity of the heater pins, 
which attenuate the heat losses of the surrounding by convection and radiation. 
However, the entire core block reaches temperatures above Tm. Over the length of 
the fine channel of the extrusion needle, the effect of the so-called needle freeze-off 
may be observed: temperature falls from 187.55°C at the needle inlet to 178.44°C at 
the extrusion point. This tip temperature is just below Tm
 
, but still sufficiently high 
so that the melt will pass through without freezing off. It appears that the applied 
heater pin setting of 200°C is sufficient for processing of this PLA, yet it does entail 
a temperature overshoot of 15 to 20°C on the material in the core mould block, 
where channel temperatures remains elevated between 200 and 193°C. 
 
Figure 8-16: Results for the heat transfer analysis of the empty dispense head.  
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Concerning the batch material, temperatures in the hopper tube which is fixed into 
the core block remain well above Tm
 
. The bottom of the batch space is at 196°C; 
where the hopper tube leaves the core block, a temperature of 182.7°C is noted. 
Further upwards temperatures decrease towards 150°C for what may be considered a 
large material supply level (green region).  
8. 4. 4.  Experimental validation of the results 
8. 4. 4. a.  Methods 
The dispense head heater elements were set to 200°C, the same temperature setting 
which was used for the finite element model and the dispense head was left to heat 
up evenly for half an hour; the ambient temperature was 24°C at the moment of the 
experiment. Infrared (IR) images of the dispense head were made with an IR 
camera7
8. 4. 4. b.  Results   
; to avoid disturbance by reflection, the metal components were lacquered 
with a dull heat resistant paint, which put the emissivity of all components at ε = 
0.95. Images were processed with Testo IR software. It must be remarked that IR 
imaging only permits a view of the outside of the measured object; it is impossible 
to visualize the heat inside the dispense head.  
The resulting IR images are shown in Figure 8-17 for the entire dispense head and in  
Figure 8-18 for a close-up of the extrusion needle. Temperature values for the 
measurements on the marked points are shown in Table 8-11 and Table 8-12 
respectively. In Figure 8-17 it can be seen that the entire core block is at 
temperatures over 180°C and that this heat is conducted into the hopper tube where 
the batch material resides, as well as towards the needle.   
These observations are confirmed by the measurements listed in Table 8-11: 
temperatures on the outside of the hopper tube reach values of 165.8 °C near to the 
core block and decrease no further than 96.9 °C over the length of the tube. The 
outside of the steel hopper is subject to heat losses by convection and radiation, 
implying even higher temperatures inside the hopper tube where the polymer 
resides.  
 
                                                        
 
7 Testo 875-2 (Testo, Belgium) 
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Figure 8-17: IR image of the conventional dispense head.  
 
Table 8-11: Temperature values T(IR) from the IR image shown in Figure 8-17. 
 
point M1 M2 M3 M4 M5 
T(IR) [°C] 165.8 119.9 96.9 195.2 172.2 
 
The earlier described phenomenon of needle freeze-off can clearly be observed in 
Figure 8-18, which is complemented by the measurement values in Table 8-12: over 
the (outside surfaces of the) downwards polymer path from M1 to M5, temperatures 
drop from temperatures above 190°C to values below 140°C in the thin needle tip.  
 
 
Figure 8-18: IR image of the extrusion needle on the conventional dispense head.  
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Table 8-12: Temperature values on the IR image T(IR) shown in Figure 8-18. 
 
point M1 M2 M3 M4 M5 
T(IR) [°C] 194.6 191.4 177.7 160.0 136.5 
 
The temperature values measured on the IR images are compared to the NT values 
noted for the same measurement points in the finite element model in Table 8-13. 
Values which match well between model and reality (∆T < 5°C) are marked in bold 
script. It appears that the results for the measurement points which are located on or 
near the core block correspond well, but that the IR temperature values for 
measurement points located on less massive parts, or further away from the heater 
elements are all significantly below those of the finite element model.  
 
Table 8-13: Comparison of the temperature values T(IR) from the IR images and 
T(FEM) from the finite element model.  
 
Figure 8-17 M1 M2 M3 M4 M5 
T(IR) [°C] 165.8 119.9 96.9 195.2 172.2 
T(FEM) [°C] 178.7 149.2 108.8 197.4 188.1 
Figure 8-18 M1 M2 M3 M4 M5 
T(IR) [°C] 194.6 191.4 177.7 160.0 136.5 
T(FEM) [°C] 197.8 189.8 187.0 182.6 178.4 
 
In the model, radiation to the surroundings was programmed with an emissivity 
value of ε = 0.22 for the reflective steel parts of the dispense head. However, by 
applying the dull coating for the IR measurements, this emissivity has been 
increased to a value of 0.95.  
 
Therefore, the steady-state heat transfer analysis of the dispense head is repeated, 
with the emissivity of the dispense head now set to ε = 0.95; the comparative results 
are shown in Table 8-14. Measurement points for which the T(IR) and T(FEM) 
values differ no more than 5°C are marked in bold script; those for which they differ 
no more than 10°C are marked in italic script. It is demonstrated that, with the 
corrected emissivity value, the finite element model and the experimental validation 
of the IR imaging match quite well. The only large difference which is still noted, is 
located in the tip of the needle, the location within the dispense head which is the 
thinnest, the furthest away from the heater pins and the most susceptible to heat 
losses by convection. In production, however, temperatures will most likely be 
higher due to the continuous supply of hot polymer melt.  
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Table 8-14: Comparison of the temperature values T(IR) from the IR images and 
T(FEM) from the finite element model with elevated ε.  
 
Figure 8-17 M1 M2 M3 M4 M5 
T(IR) [°C] 165.8 119.9 96.9 195.2 172.2 
T(FEM) [°C] 166.1 122.0 90.1 195.9 180.7 
Figure 8-18 M1 M2 M3 M4 M5 
T(IR) [°C] 194.6 191.4 177.7 160.0 136.5 
T(FEM) [°C] 196.5 187.6 179.6 172.9 166.9 
 
8. 4. 5.  Conclusions  
Based on the finite element model, it is concluded that heat is conducted very well 
within the dispense head by the steel core block. Some losses are observed at the 
outer surfaces due to convection and radiation. For the more massive core block 
these losses are small, but their impact increases significantly for the mounted 
extrusion needle. In order to achieve sufficiently high temperatures at the extrusion 
point, a temperature overshoot of about 20°C needs to be imposed in the core block 
where the heater pins are situated. These results are largely confirmed by IR 
imaging, which validates the finite element model as being realistic.  
 
As a consequence of the dispense head’s thermoregulation, a large fraction of the 
batch material is kept above Tm
 
 during processing with the conventional dispense 
head for thermoplastics. Therefore, it will suffer thermally-induced degradation even 
before it is processed by micro-extrusion. It remains now to quantify this degrading 
effect on the polymer over time, in order to estimate the impact of this overheating 
on the properties of thermally sensitive polymers.  
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8. 5.  QUANTIFICATION OF POLYMER DEGRADATION 
8. 5. 1.  Introduction 
Both the scaffold production series and the modelling of the thermoregulation 
demonstrate that thermally sensitive polymer materials will degrade when processed 
with the conventional dispense head. The next study will quantify the heat-induced 
material degradation in order to assess how severe the effects of this degradation 
will be in time. The residence time tr is defined as the time during which a material 
is kept at elevated processing temperature 
 
prior to actual processing.  
Much research has been conducted regarding the degradation mechanism of 
biomedical thermoplastic polymers, describing  transesterification [6, 11, 25-28], 
chain scission [4-7, 9, 25, 28-31] and unzipping [25, 31]. Most of these studies 
investigate depolymerization of these polymers at elevated decomposition 
temperatures [3, 5, 26, 29, 31]. Equally, in vitro or in vivo studies describe the 
physical degradation by hydrolysis of polymer-based implants under physiological 
circumstances [32-35], typically around 37°C with controlled pH. Of interest to the 
engineer processing the materials from granulate into a scaffold, however, is the 
degradation behaviour of the polymer at processing temperatures. Pillin et al. [4] 
investigated the thermo-mechanical degradation of PLA material induced by 
multiple injection cycles. They describe a strong decrease in molecular mass Mw, 
confirming  a 50% loss in Mw as soon as after the 3rd
6
 injection cycle. Signori et al. 
[ ] processed PLA at different temperatures, noting  an increase in Mw loss with 
rising processing temperatures. Analyzing the drop in Mw
7
 between virgin and 
processed material, Carrasco et al. [ ] have recently reported a decrease in 
mechanical properties and molecular weight of PLA due to processing via injection 
and extrusion. All three of these studies concur that the polymer degradation at 
processing temperatures is caused by random chain scission. They describe the 
degradation effect induced by injection moulding (preceded by extrusion in the case 
of Carrasco et al.) of PLA materials, wherein the thermo-mechanical loading of the 
polymer differs from the case of 3D plotting for scaffolds. With injection moulding, 
the material enters the barrel as solid granulate, and it is molten as it travels along 
the screw which is subjected to an ascending heating profile. Moments after 
reaching the highest temperature in the nozzle area, the polymer is injected to the 
mould. The reservoir where the material awaits entry into the barrel is at room 
temperature or at slightly elevated drying temperature far below Tm. Both thermal 
and mechanical loading are limited to the period of transport throughout the screw, 
so no real interval of tr occurs. This is possible because of the larger scale of 
injection moulding compared to 3D plotting for scaffolds. Even for micro-injection, 
the screw is still typically 10 to 15 mm in diameter and will take multiple granules 
into the channel depth of its lead. In contrast, the extrusion screw of the 3D plotting 
technique is a mere 6 mm in diameter and cannot take even a single granule, 
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typically 2 to 4 mm diameter, into its lead, thus requiring the material to be molten 
or at least sufficiently viscous upon screw entry. As such, batch material in the 
hopper reservoir is kept above Tm during a certain residence time tr 36[ ]. It is this 
elongated heating period which will cause the polymer to degrade whilst waiting to 
be processed.   
 
Thermo Gravimetric Analysis (TGA) is often used to determine weight loss of a 
material over a certain interval of time or temperature [6, 10, 26, 28, 29, 32]. This 
provides a good indication of the polymer’s bulk degradation rate when undergoing 
a certain tr at processing temperature Tpr, yet it offers little insight into changes in 
processing-related properties, which are not always coupled to material loss. These 
include material viscosity, melt flow, important temperature values like glass 
transition temperature Tg and melting temperature Tm
As the material degrades, polymer chain length, which is directly tied to molecular 
mass, will decrease due to the scission of polymer molecule chains. As such, it was 
decided to quantify the material degradation by the polymer’s evolution in 
molecular mass. The shorter chains are less entangled and experience a greater 
mobility, facilitating their transformation [
, as well as the crystalline 
fraction upon cooling. Therefore, additional characterization tests were introduced: 
inherent viscosity measurement, differential scanning calorimetry (DSC) and gel 
permeation chromatography (GPC).  
37]. Both glass transition temperature Tg
3
 
[ , 32, 33, 38] and inherent viscosity η inh 3 [ , 9, 27, 32, 35, 38] are considered to be 
representative material properties for molecular mass Mn, with the effect on inherent 
viscosity being significantly larger than that on Tg 3 [ , 35]. DSC analysis yields a 
determination of Tg and Tm. Additionally to the information retrieved from Tg
37
, the 
decrease in or even complete disappearance of melt temperature indicates the 
reduction (up to disappearance) of any remaining crystalline fraction in the semi-
crystalline polymers [ ]. Finally, GPC is a size-exclusion technique to determine 
molecular mass.  
 
8. 5. 2.  Materials and methods  
8. 5. 2. a.  
PLA’s and their copolymers with PCL and PGA find a wide range of biomedical 
applications like scaffolds for tissue engineering or drug delivery [
Materials  
14, 38-41] and 
resorbable parts like plates, screws, cages and sutures [3, 14, 33, 42]. Given their 
environment-friendly degradation capacity, PLA’s are also strongly on the rise in 
packaging industry, where they are used pure, filled or blended with other polymers 
like poly-(hydroxybutanoate) (PHB) [16, 17, 43, 44]. 
 
A representative selection of biodegradable thermoplastic materials provided by 
Purac (The Netherlands) was tested, made up of the homopolymer poly-L-lactide 
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PLLA and poly-D-L-lactide PDLLA, as well as two PLA-based copolymers; one 
with PCL and one with poly-glycolic acid PGA. The materials PLLA and       
PLLA-PCL are semi-crystalline polymers, while PDLLA and PDLLA-PGA are 
amorphous in structure. An overview of the selected polymers is given in          
Table 8-15, along with their Tm, Tpr and inherent viscosity as supplied by the 
manufacturer. PDLLA and PLLA-PGA are amorphous polymers and as such have 
no Tm. It is chosen to treat PDLLA at the same Tpr as PLLA and PLLA-PGA at the 
same Tpr as PLLA-PCL. Tpr
 
 is set at 225°C for the homopolymers and at 140°C for 
the copolymers.  
Table 8-15: Material selection for the degradation trials, including some relevant 
material properties as supplied by manufacturer. 
 
Material Trade name Tm T [°C] pr η [°C] inh
PLLA  
 [dl/g] 
PURASORB 
PL-18 
180-190 225 1.5-2 
PDLLA 
(50:50) 
PURASORB 
PDL-20 
- 225 1.6-2.4 
PLLA-PCL 
(70:30) 
PURASORB 
PLC-7015 
105-115 140 1.2-1.8 
PDLLA-PGA 
(50:50) 
PURASORB 
PDLG-5010 
- 140 0.8-1.2 
 
8. 5. 2. b.  
Residence time in a heated batch-wise processing system was mimicked by an 
isothermal heat treatment in a furnace at an equivalent processing temperature T
Residence time 
pr
8. 5. 2. c.  
, 
and this for periods of 0, 1, 6, 12 and 24 hours. These intervals represent the fresh 
material (0 hours), several points during the course of a full day of plotting             
(1 to 12 hours) and the possible restarting with the same material batch at a later 
time (24 hours).  
TGA 
Thermogravimetric Analysis (TGA) was performed using an STA apparatus
  
8, under 
protective nitrogen atmosphere. Samples were heated to Tpr (at heating rate of 
10°C/min) and then kept isothermally for six hours, during which mass loss was 
determined9
                                                        
 
8 Netzsch 449 F3 (Netzsch, Germany) 
. 
9 Netzsch Proteus TA software (Netzsch, Germany) 
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8. 5. 2. d.  
Differential scanning calorimetry (DSC) was performed using a TA Instruments 
DSC 2910 under nitrogen atmosphere. About 15 mg of sample material (the exact 
mass was measured for each sample) in an open aluminium pan was referenced 
against an empty open aluminium pan. The samples were heated to 30°C above T
DSC 
m 
of the fresh material at a heating rate of 10°C/min. The measurements were started 
at 35°C for PLLA and PDLLA; for PDLLA-PGA and PLLA-PCL, they were started 
at -20°C. The real-time changes in enthalpy were monitored for the determination 
Tm and Tg 10
8. 5. 2. e.  
. 
The inherent viscosity measurements were performed using a viscosity meter
Inherent  viscosity 
11 
according to the ISO 1628 standard (25°C, 0.25 g/dl solution in chloroform, 
Ubbelodhe 0C column with diameter 0.47 mm), referenced against the pure 
solvent12
45
. Each sample is measured five times, and the results of the effluent time 
are averaged. The inherent viscosity is calculated as in Equation (8.3) [ ]: 
 
𝜂𝜂𝑖𝑖𝑖𝑖ℎ  [𝑑𝑑𝑑𝑑/𝑔𝑔]  =  �ln  𝑡𝑡𝑝𝑝 𝑡𝑡𝑠𝑠⁄ �𝑐𝑐          (8.3) 
with c the concentration [g/dl] of the solution, tp and ts
8. 5. 2. f.  
 the effluent time of 
respectively the polymer solution and the pure solvent [s]. 
Characterization by gel permeation chromatography (GPC) of the oven-treated 
samples was performed at 30°C, with a differential refractometer
GPC 
13 and a reference 
cell filled with pure tetrahydrofuran14 (THF), connected to a pump15 which provided 
a constant flow of 1 ml/min; the detection signals were monitored in real time using 
Empower16
  
 software. A mixed C .5µm column (range of 200 to 2.000.000 Da) was 
used for all samples; each time between and 5 to 10 mg was dissolved in 1 ml THF. 
The setup was calibrated with PS standards of 1200, 7200, 21000, 70950 and 
419000 Da.  
                                                        
 
10 TA Instruments software (TA Instruments, Belgium) 
11 Schott Geräte AVS 350 viscosity meter (Schott, Germany) 
12 chloroform UN 1888 – Fiers, Belgium 
13 Waters 410 differential refractometer (Waters, Belgium), using a MELZ LCD 212 
refraction index detector 
14 3486 Chromasolv®, Sigma-Aldrich, Belgium 
15 Waters 510 HPLC (Waters, Belgium) 
16 Waters, Belgium 
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8. 5. 3.  Results 
A summary of the DSC, inherent viscosity and GPC results is given in Table 8-16.  
The results are first discussed per experiment and then jointly considered in the 
discussion.  
 
Table 8-16: Overview of the results of the degradation experiments. 
 
material tr  t[h] p
mean 
 [s]   
stdev 
η
[dl/g] 
inh  DSC 
Tg
  
 [°C] Tm
GPC 
 [°C] Mn 
chloroform (t
[Da] 
s na ) 125.84 0.250 1.000 - na - 
PLLA 0 172.52 0.273 1.262 70.36 196.19 139948 
PLLA 1 152.61 0.123 0.771 59.41 172.21 93717 
PLLA 6 134.61 0.339 0.269 52.85 151.97 3600 
PLLA 12 129.54 0.154 0.116 51.62 - 10909 
PLLA 24 126.88 0.110 0.033 50.65 - 5329 
PDLLA 0 193.55 0.092 1.722 55.80 na 142949 
PDLLA 1 151.30 0.123 0.737 51.77 na 20341 
PDLLA 6 129.62 0.217 0.118 49.00 na 3813 
PDLLA 12 128.19 0.164 0.074 47.82 na 6104 
PDLLA 24 127.33 0.266 0.047 48.17 na 6792 
PDLLA-PGA 0 153.58 0.311 0.797 49.79 na 178271 
PDLLA-PGA 1 150.38 0.545 0.712 47.42 na 138150 
PDLLA-PGA 6 148.10 0.245 0.651 47.92 na 116990 
PDLLA-PGA 12 147.14 0.211 0.625 47.92 na 90044 
PDLLA-PGA 24 145.71 0.247 0.586 47.16 na 90156 
PLLA-PCL 0 172.79 0.151 1.268 15.34 109.26 126489 
PLLA-PCL 1 172.11 0.227 1.252 21.47 - 123297 
PLLA-PCL 6 171.38 0.254 1.235 21.55 - 104548 
PLLA-PCL 12 167.54 0.332 1.145 21.23 - 86823 
PLLA-PCL 24 149.16 0.223 0.680 19.76 - 74957 
 
8. 5. 3. a.  
The discrete results of the TGA tests are listed in 
TGA 
Table 8-17; Figure 8-19 shows the 
full TGA curves. The heating of the material from room temperature to Tpr is 
represented by the step from virgin material to the 0h point. Some mass loss has 
already occurred, which can most likely be attributed to a drying effect due to the 
rise in temperature. For all materials, a discernible mass loss occurs during the 
extended tr 
 
of up to 6 hours. 
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Table 8-17: Results of the TGA experiments. 
 
material Tpr mass [%] after t  [°C]   r 
  0 h 1 h 6h 
PLLA 225 99.84 98.61 96.31 
PDLLA 225 98.58 96.63 92.69 
PLLA-PCL 140 99.05 98.18 95.2 
PDLLA-PGA 140 98.67 97.27 93.97 
 
 
 
Figure 8-19: mass loss as a result of extended heating at Tpr
 
.  
Conform to expectations the semi-crystalline polymers are more resilient to the high 
temperatures than the amorphous ones. This global mass loss under isothermal 
heating below depolymerization temperatures is ascribed to a continuous chain-end 
depolymerisation and subsequent evaporation of the released oligomers. This 
mechanism has been identified as a low-temperature step in the process of non-
isothermal degradation of PLA-based materials [5, 8, 25] and of PCL [30].  
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8. 5. 3. b.  
The evolution of T
DSC 
g with extended tr Figure 8-20 is visualized in .   
 
 
Figure 8-20: Decrease of Tg with extended tr
 
. 
The changes in Tg are more outspoken for the pure PLA materials than for the 
copolymers. Their evolution in Tg exhibits a clear decrease over the course of an 
extended tr, while PDLLA-PGA seems to stabilize after the first hour and        
PLLA-PCL even demonstrates an initial increase in Tg
Figure 8-21
. Of the selected materials, 
the semi-crystalline homopolymer PLLA is most affected. An overlay of the DSC 
curves for PLLA is shown in .  
Over the first six hours of the extended tr, the value for Tm falls from 196°C to 
152°C, implying a serious reduction in crystalline fraction after cooling. After the  
12 hour interval, Tm is completely absent and the material is now completely 
amorphous.  Furthermore, the large recrystallization peak which is evident for the 
one hour-treated polymer, is quickly reduced at the 6 hour interval and equally gone 
from the 12 hours tr on. The matched Tm
When considering PLLA-PCL, it is observed that the energy peak for T
 and recrystallization results confirm that 
the potential for crystallization has been eliminated, the shorter chains being unable 
to form such a highly organized regular crystalline structure. Note that for the virgin 
material there is no recrystallization peaking during the DSC heating cycle which 
indicates that virgin material possesses its full potential crystalline fraction.   
m
46
 is only 
evident for the virgin material. Even though both homopolymers are semi-crystalline 
in nature, it is only the PLA fraction whicht crystallizes in the copolymer [ ]. Once 
heated into melt, there is no more crystalline fraction upon cooling; all of the 
material is now a single amorphous phase. This is corroborated by the rise of Tg
47
  
after this first hour of thermal loading, indicating a now much larger amorphous 
fraction to transform. DSC tests evidenced no peaks of recrystallization during 
heating either, whilst a heating rate of 10K/min does facilitate crystallization within 
PCL [ ]. The crystallization potential of the PLLA-PCL material is effectively 
gone after a tr of 1 hour. Tg remains stable around 21,5°C after that, with another 
2°C decline at the 24 hours tr.  
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The amorphous polymers both show only an initial drop in Tg 
 
after the first heating 
interval, which levels out quickly to a stable value of around 48°C for both PDLLA 
and PDLLA-PGA. 
 
Figure 8-21: Overlay of the DSC results for the PLLA material. Bottom left window 
magnifies region of recrystallization during heating. 
 
8. 5. 3. c.  
Results of the inherent viscosity measurements are illustrated in 
Inherent  viscosity 
Figure 8-22.  
For all materials, a downward trend in ηinh is evident with prolonged tr. There is a 
very strong drop in ηinh for the pure PLA materials PLLA and PDLLA. Their 
solutions approach the same viscous flow rate as the solvent for the 12h and 24h 
interval, demonstrating little effect of the remaining dissolved polymer. For both 
pure PLA polymers, the fall in ηinh is very steep over the first 6 hours of tr, reducing 
from 1.26 to 0.27 dl/g and from 1.72 to 0.12 dl/g for PLLA and PDLLA 
respectively.    
As with the results of Tg, the inherent viscosity of the copolymers PDLLA-PGA and 
PLLA-PCL appears to be less affected by the extended heating time, the interaction 
between the two different monomers keeping the polymer stable and its solution 
viscous. Thermally more stable than PLA, the PCL fraction in PLLA-PCL, 
contributes to a largely unmodified viscosity with growing tr; only at the final        
24 hour interval does the ηinh decrease significantly. The PDLLA-PGA copolymer’s 
ηinh diminishes moderately at a steady rate, having dropped by about a quarter at the 
24 hour tr.  
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Figure 8-22: Decrease in inherent viscosity with extended tr
 
. 
8. 5. 3. d.  
Results of the GPC analysis are illustrated in 
GPC 
Figure 8-23. The trends in the value of 
Mn largely follow those of the inherent viscosity η inh. For the pure PLA materials, 
Mn drops spectacularly over the first 6 hours of tr. The semi-crystalline PLLA 
maintains over half its chain length after one hour of exposure to Tpr, but crashes 
down in the 1-to-6-hours interval. For both PLA materials, Mn values of less than 
10000 Da are measured for 6 and more hours of tr
 
. Fluctuations  at these low levels 
are attributes to the use of the large-range column.  
 
Figure 8-23: Decrease in molecular mass with extended residence time. 
 
Without the presence of a crystalline backbone, the amorphous PDLLA sees its Mn 
fall enormously from 143000 Da to just over 20000 Da after the first hour. The 
molecular mass of the copolymers with PGA and PCL is also significantly affected 
by the extended heating time, but in a less detrimental manner; both materials have 
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their Mn roughly halved after 24 hours of tr. The downward evolution in Mn is more 
outspoken than that of  η inh, suggesting that although polymer chains are noticeably 
shorter, the interaction between the two polymer fractions will maintain a viscous 
aspect until the 6 hour interval. Thereafter the remaining chains are extraordinarily 
short, dropping below 10000 Da in Mn. 
Signori et al. [6] defined a degradation parameter k, based on the Mn
 
𝑘𝑘 =  𝑀𝑀𝑖𝑖 (𝑡𝑡𝑟𝑟=0)
𝑀𝑀𝑖𝑖 (𝑡𝑡𝑟𝑟)             (8.4) 
 of unprocessed 
and processed material, applicable as follows on these results: 
They reported a progressively increasing value for k with a rise in Tpr
7
 of PLA 
material, up to k = 1.7. Carrasco and co-workers [ ] reported k values of 1.44 and 
1.62 for respectively injected and extruded/injected PLA material. Calculated           
k parameters for the PLLA and PDLLA polymers of our experiments result in 
values of at least ten times as much for the heating periods of 6 hours and more. For 
the copolymers, k values rise to 1.98 and 1.69 for PDLLA-PGA and PLLA-PCL 
respectively after the 24 hour tr
 
. These results confirm a much stronger influence of 
heating time duration compared over elevated processing temperature for the shorter 
thermo-mechanical loading period of conventional injection moulding.  
8. 5. 4.  Discussion  
TGA experiments provide a relatively simple way of indicating the occurrence of 
degradation. The shorter segments created by chain-end depolymerization will 
evaporate and result in some overall mass loss. However, the lead mechanism of 
thermal degradation at processing temperatures is believed to be random chain 
scission [4, 6, 7, 9] and TGA results offer no insight into the measure of material 
degradation on the level of the polymer chain length and related molecular mass. In 
order to quantify the thermal degradation phenomenon, the additional experiments 
more closely related to polymer chain length – DSC, inherent viscosity measurement 
and GPC – have provided more relevant data. Overall, results from these 
experiments  indicate significant shortening of polymer chains during the material’s  
isothermal heating at Tpr
Information retrieved from DSC reflects the appearance of shorter chains in the 
polymer expressed in a decreasing value for T
, which endorses the occurrence of material degradation by 
random chain scission.   
g, which however appears to stabilize 
at a lower level after the 6 hour interval. Interestingly, semi-crystalline (co)polymers 
PLLA and PLLA-PCL do not retain their crystalline fraction over the extended tr. 
This destruction of the crystalline potential may actually be considered a positive 
influence on the in vitro/in vivo degradation by hydrolysis of the thermoplastic 
scaffolds, as the crystalline lattice is much harder to disrupt. Likewise and a lot less 
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desirable, it will strongly affect the reproducibility of mechanical scaffold 
properties.  
Results for η inh and Mn  appear to be related for the different materials; curves for 
both pure PLA materials show a sharp drop to very low values over the first 6 hours 
of tr, while the copolymers undergo a more steady decline over prolonged tr, with 
the curve of Mn being somewhat steeper than ηinh. When comparing them on a 
logarithmic scale (ln (ηinh) versus ln(Mn)), statistical analysis yields a correlation of  
r = 0.87 (n=20, p<0.01). This relationship between η inh
48
 and molecular weight  is 
described by the Mark-Howinck-Sakurada equation [ ]: 
𝜂𝜂𝑖𝑖𝑖𝑖ℎ = 𝐾𝐾𝑀𝑀𝑣𝑣𝑎𝑎            (8.5) 
With Mv the viscosity-averaged molecular mass, K and a constants for a particular 
polymer-solvent pair at a particular temperature. As it is difficult to determine 
directly, Mv is often substituted by Mw 
16
for the purpose of determining K and a. For a 
solution in chloroform, values of K = 5.45 dl/g , a = 0.73 and K= 2.21 dl/g, a = 0.77 
have been reported for PLLA and PDLLA respectively [ ]. These have been 
employed in literature through Equation (8.5) to determine Mv from η inh
49
, validating 
inherent viscosity experiments as an indirect means of measuring molecular mass 
[ , 50]. Therefore, in future experiments, the cheaper and simpler inherent 
viscosity experiment could be used for the quantification of the polymer chain 
degradation. 
For the PLLA and PDLLA materials it is remarkable that the first 6 hours of tr 
proves sufficient to reduce Mn below 10000 Da, with k values noted as high as over 
20. This is reflected by matching ηinh values  which drop below 0.05 dl/g, the 
dissolved polymer chains barely adding to the viscosity of the solvent. Even in the 
DSC results this trend manifests itself, with Tg dropping more sharply during the     
6 hours of tr before stabilizing at a lower value afterwards. Copolymerization has a 
strong stabilizing influence on the PLA material when exposed to Tpr
7
. With k values 
below 2, the impact of prolonged heating at processing temperatures is still 
noteworthy, but no longer as detrimental as for the pure PLA materials. The 
degradation effect is closer to that of the thermo-mechanical loading during a single 
injection moulding cycle [ ]. Tg remains stable for the extended tr
6
 of both 
copolymers. Such improved resistance to thermal degradation has equally been 
confirmed not only for copolymers but also for blends of PLA with other degradable 
polymers [ , 51]. It would be of interest to evaluate similar degradation behaviour of 
the pure PGA and PCL materials with whom the PLA was copolymerized. For the 
24 hour tr of PLLA-PCL for example, where η inh and Mn both take a sudden drop, 
it could be speculated that thermal degradation has set in for the PCL component of 
the polymer as well, where previously it was largely maintaining overall polymer 
chain length.  
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Notwithstanding a possible favourable effect on in vivo degradation time, thermal 
degradation of the scaffold material during the production process results is 
devastating to scaffold reproducibility when it comes to geometry and mechanical 
properties. This conflicts with an important strategic goal in the field of tissue 
engineering, namely the translation of research-level technology to clinical 
application on a larger scale [1]. For this industrial level to be accomplished, a 
reliable scaffold production technique with high reproducibility is required [52]. The 
same set of processing parameters and material should yield the same scaffold 
geometry and properties every time. As such, thermal loading of the polymer during 
processing must either be limited as much as possible, or when it cannot be avoided 
it should be controlled in such a way that the virgin polymer is subject to an equal tr
 
 
for every produced scaffold.  
 
It was not considered within the scope of this study to analyze the polymer 
degradation mechanism itself, as this has been reported at length in existing 
manuscripts [5, 6, 9, 11, 25, 26, 29, 30, 32]. This study subscribes to the well-
documented scientific opinion that degradation at processing temperatures is caused 
mainly by random chain scission [4, 6, 7, 9]. This study does not take into account 
the possible influence of oxygen from the surroundings on the polymer degradation 
process during isothermal heating. It has been reported that PLA material degrades 
faster in air than under nitrogen atmosphere, due to a thermo-oxidation step [6, 9].  
In conclusion, the thermal degradation due to a static residence time at processing 
temperature has been quantified for PLLA, PDLLA, PDLLA-PGA and PLLA-PCL 
material. It was found that both the semi-crystalline PLLA and the amorphous  
PDLLA lost near to all molecular chain integrity after 6 hours of exposure to Tpr, 
and that, while significantly more resistant, the copolymers also underwent thermal 
degradation by chain scission. Hence, for melt-based processing of these polymers it 
is concluded that elongated heating time prior to actual processing will strongly 
affect the physical properties of the polymer, resulting in severe loss of final part 
reproducibility.  It remains to be determined where in the first hour of residence time 
the acceptable polymer heating time is situated.   
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8. 6.  CONCLUSIONS AND PROSPECTS 
During the course of the work presented in this chapter, it has been demonstrated 
that with the current BioScaffolder configuration, it is not possible to manufacture 
scaffolds from a thermally sensitive polymer like PLA in a reproducible and reliable 
manner. A changing material output suggests degradation of the polymer over the 
course of the processing time.  
Numerical modelling of the thermoregulation of the conventional dispense head 
confirms the notions that the thin, free section of the extrusion needle requires a 
temperature overshoot in the core mould block and that the uniform heating of the 
steel dispense head is responsible for keeping the unprocessed batch material at 
elevated processing temperatures for the entire duration of the production run. Both 
observations were confirmed by IR imaging of the heated dispense head. 
The amount of polymer degradation caused by this continuous overheating was 
quantified for a number of PLA-based materials. A strong reduction in polymer 
chain length is observed with increasing residence time. These experiments confirm 
the detrimental effect of the extended overheating on their structural integrity of the 
batch polymer material, which compromises scaffold reproducibility.  
When working towards the strategic tissue engineering goal of a reliable and 
controlled system for the design and manufacturing of scaffolds, efforts should be 
made to reduce the residence time as much as possible. Under perfect conditions, the 
polymer would only be heated into melt just prior to its extrusion, allowing enough 
time for the polymer to transform into a viscous melt yet too little for meaningful 
degradation. Much of this could be achieved by thermally separating the material 
supply from material processing, so that the region of the hopper remains below 
melting temperature. As well as reducing thermal load on the polymer, this will 
allow for recovery of the material fraction in the batch which was not required for 
production. An alternative approach to minimize the time wherein material is 
subjected to heating could be to have an operator feed in extra bits of materials at 
regular intervals but bearing in mind the goal of achieving production-scale 
fabrication activity with this technique, this is considered a patch rather than a 
serious solution.  
Next to the length of the residence time, the severity of the thermal load which is 
applied to the material for its duration should be minimal as well. Unnecessary 
temperature overshoots should be avoided and systems should be balanced out so 
that the temperature profile builds up along the processing path, with the highest 
temperature at the point of extrusion.  
Undoubtedly the greatest practical hurdle here is that of size. Incorporating multiple 
heater elements with separate feed and control into an extrusion system on the 
micro-scale might prove quite challenging. 
The next chapter will address exactly this issue of reducing thermal load on the 
polymer during processing and how to incorporate this on the small scale of a 
mobile dispense head.  
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Chapter 9  
 
DEVELOPMENT OF A NEW DISPENSE HEAD FOR 
THERMOPLASTICS. 
In this chapter, a new dispense head (named COMET) for thermoplastics is 
developed in order to overcome the disadvantages noted for the conventional 
dispense head available on the BioScaffolder, so that thermally sensitive 
polymers may be processed through 3D plotting in a reliable manner. After 
briefly introducing a few exploratory designs, the configuration and attributes 
of COMET are discussed. A finite element model of the thermoregulation is 
made, which is experimentally verified by IR imaging. COMET is compared to 
the conventional dispense head for thermoplastics and the design is further 
validated by 3D plotting a series of scaffolds.  
 
9. 1.  INTRODUCTION 
The findings in Chapter 8 have demonstrated that the conventional dispense head for 
thermoplastics is unsuitable for reliable processing of thermally sensitive polymers 
like PLA. The main issue is that the batch material remains at elevated temperatures 
for too long prior to being processing by micro-extrusion. Consequently, the 
polymer will suffer thermally-induced degradation which leads to altered material 
flow and scaffold properties.  
Within this chapter, a new thermoplastics dispense head is developed which 
addresses this issue so that, in the future, thermally sensitive thermoplastics may be 
processed on the BioScaffolder without suffering degradation. The specifications 
which are maintained for this design include: 
i. Thermal separation of material supply and material processing; 
ii. A discontinuous material feed, which brings the polymer to the hot 
processing zone only when it is required; 
iii. Modularity: a material changeover must be quick and easy.  
The three criteria are listed in descending order of concern. The thermal separation 
of the batch material from the heated processing zone is of paramount importance as 
this will prevent polymer degradation. This would be supported by the possibility 
for discontinuous material feed into the hot zone; the granulate is then kept in the 
cold zone as long as possible. A final concern is the modularity of the entire 
assembly; a material changeover with the conventional dispense head easily takes up 
three to four hours, as the entire dispense head needs to be disassembled, rigorously 
cleaned and reassembled. It would be advantageous if this changeover time could be 
reduced by creating a modular assembly in which only a limited amount of parts 
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need to be cleaned or replaced for a start-up with a new material. However, this 
modularity is more a convenience than an absolute requirement and as such is 
considered secondary to the prevention of thermal degradation in the polymer.  
The new dispense head was named COMET (COntinuous Modular Extrusion for 
Thermoplastics) and has been covered in a European patent1
 
.  
First, a concise review will be presented of the major steps in the design process of 
the new dispense head (a first and second design), which will lead up to an overview 
of the final COMET configuration. A finite element model of the heat transfer 
within the COMET dispense head will then be created to verify the improved 
thermoregulation in comparison to the conventional dispense head, which will be 
verified through IR imaging. This is followed by an experimental validation of the 
COMET assembly during actual 3D plotting of scaffolds.  
 
  
                                                        
 
1 EPO PCT publication number WO2011/092269 
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9. 2.  DESIGN OF COMET DISPENSE HEAD 
9. 2. 1.  Initial appraisal 
In an initial appraisal, an evaluation is made of which features of the conventional 
dispense head may be kept and which need to be adapted or replaced. The elements 
of the original assembly which will continue to be used are marked in Figure 9-1: 
a) The pneumatic coupling system between dispense head and 
BioScaffolder machine: the clamping of the dispense head via the 
male-female pneumatic elements provides an elegant method to ensure 
dispense head positioning on the machine as well as a transfer of 
pressurized air and electricity;  
b) The stepper motor and transmission gear for control of the screw 
speed; 
c) The use of a base plate onto which all other parts are mounted. 
 
Figure 9-1: Design featured from the conventional dispense head which are to be 
retained for COMET.  
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On the other hand, the dispense head features which will need to be adapted or 
replaced in the COMET design are indicated in Figure 9-2: 
1) The core block of the assembly is made of steel2
2) Heat is added uniformly by heater pins inside the core block, around the 
transport channel and close to the batch material in the hopper, whilst it is 
the extrusion screw and needle which require the most elevated 
temperatures. This leads to the necessary temperature overshoot which was 
discussed in Chapter 8 and must be remedied in a new design by a more 
local heating; 
, which will conduct the 
heat from the heater elements throughout the entire dispense head, all the 
way to the batch material in the hopper. This feature must be changed to 
ensure the thermal separation between polymer processing (at the screw) 
and the batch material (hopper);  
3) The pneumatic air from the machine is currently used to maintain a 
downward pressure on the batch material, to force it into the internal 
channel of the core block. This air coupling will be removed and granulate 
will be left to fall into the underlying block under the influence of gravity 
when required.  
 
 
Figure 9-2: The conventional dispense head for thermoplastics. 
 
                                                        
 
2 AISI 304 
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9. 2. 2.  First design 
The short auger screw was replaced by an extrusion screw with a profiled geometry 
typical of conventional extrusion; on the barrel of this longer screw two heater bands 
were attached which could provide a graded temperature profile to the polymer 
inside the barrel, with a higher temperature near the extrusion needle. Thermal 
separation of the polymer processing and batch material was accomplished by 
replacing the steel core block with a polyether-ether-ketone (PEEK) core block 
instead. PEEK is a known insulator and will remain structurally intact for service 
temperatures up to 260°C [1]. Additionally, PEEK can be machined by the same 
production techniques (turning and milling) as metals. The hot processing zone is 
located on one side of the PEEK block and the hopper with batch material on the 
other side. The discontinuous material feed is realized by a plunger, which pushes 
the granulate into a tapered feed pipe that leads to the barrel; this plunger is 
controlled by a pneumatic valve which moves the plunger as a piston between its 
forward and backward positions. The surface contact between the feed pipe and the 
barrel is relied upon to transport sufficient heat to the polymer in the feed pipe so 
that it becomes viscous enough to enter the barrel with the extrusion screw.  
The dispense head was assembled and tested for functionality on the BioScaffolder 
machine, a trial which showed that several design points required improvement. 
These are highlighted in Figure 9-3, which is a cut section of the design at the height 
of the polymer channel. 
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Figure 9-3: The first COMET design, including features which require further 
amelioration.  
 
The features requiring adaptation are: 
i. The adapted profile of the extrusion screw does not contribute to the 
processing of the polymer and is in fact superfluous; a next design will 
include a return to a shorter screw; 
ii. The extrusion needle is insufficiently heated by the heater bands (not 
shown in figure) on the barrel. Additional insulation is required; 
iii. The heat transfer between heated barrel and feed pipe is insufficient: 
the polymer granulate is not rendered viscous enough to enter the 
barrel; 
iv. The feeding of the material by the plunger is often interrupted as 
granules appear to be stuck between the forward moving plunger and 
the edge of the downward channel from which the polymer is supplied. 
A hopper which feeds only one granule at a time will be included in 
the next design. 
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9. 2. 3.  Second design 
The second design focused on the principle of processing a single polymer granule 
at a time; the feed tube, which is shown as part 9 in the subassembly in Figure 9-4(a) 
and (b) is a key part to the design. To avoid jamming of the granulate when the 
plunger pushes forward, (i) the feed pipe is designed with a half-open ending which 
is meant to receive the granules from the hopper straight into the tube and (ii) the 
edge of the closed tube section is rounded inwards so that granules may slide past 
instead of jamming upon the edge. As the tube must always be oriented so that the 
half open section faces the outlet of the hopper region, a positioning system is 
required; this function will be fulfilled by the so-called end cap, shown as part 10 in 
Figure 9-4(b). One side of the copper end cap is profiled as a circle with two 
additional positioning bosses: one will fit in a groove on the feed tube, while the 
other fits in a slot in the core block, thus ensuring the positioning of the feed tube in 
the core block. A second function of the end cap is to transfer heat from the barrel to 
the polymer material about to enter the barrel. Its enlarged contact surface, which 
may be seen in Figure 9-4(c), takes up heat from the barrel’s contact surface and 
conducts this along a small length of the tube. Also in Figure 9-4(c) it can be seen 
that the feed tube protrudes slightly from the end cap: this ensures that it is the feed 
pipe and not the end cap which is clamped against the barrel so that (i) there is no 
leakage of polymer between feed pipe and barrel and that (ii) the polymer does not 
contact the copper, which is considered toxic for biomedical applications.  
 
 
Figure 9-4: (a) 3D sketch of the alignment of the feed tube on to the barrel, (b) a 
section of this sub-assembly along the polymer path and (c) the feed tube and copper 
end cap.  
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Before constructing this version of the dispense head, a translucent prototype was 
manufactured using the Objet3
Figure 9-5
 technology to test whether the granulate would be 
pushed along the feed tube by the plunger without jamming. It was created with an 
inner geometry matching that of the PEEK core block with the feed tube inside. As 
can be seen in (a), a section of the part has been cut out to allow a view of 
the internal channel around the position where the plunger would push the granulate, 
which is supplied by the vertical channel, into the horizontal channel that represents 
the geometry of the feed pipe. This region is marked by the dashed line, also in 
Figure 9-5(b), which shows the prototype assembled with the plunger and the 
plunger control onto the BioScaffolder machine. The vertical channel was filled with 
polymer material and it was successfully verified that the granules were pushed 
through by the plunger, without jamming. In Figure 9-5(c) the plunger can be seen 
in the forward position, having just pushed granulate into the feed pipe analogue.  
 
 
Figure 9-5: (a) The (empty)  translucent prototype, (b) the filled prototype, mounted 
in the BioScaffolder and (c) a close-up of the region surrounded by the dashed lines 
in (a) and (b).  
 
Furthermore, the screw has been reduced to a shorter length once more, the hopper 
is adapted to accommodate one granule at a time and an additional copper sleeve is 
added for the needle, meant to conduct as much heat to it from the barrel as possible. 
The complete design for this second version is shown in Figure 9-6(a), with a 
section showing the polymer path inside the dispense head in Figure 9-6(b). 
 
                                                        
 
3 Objet Eden 350V (Objet, The Netherlands), material used = Objet Fullcure 720 
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Figure 9-6: (a) 3D drawing of the second design for the COMET system and (b) 
section of the polymer path inside the dispense head.  
  
Evaluating this design in production with the BioScaffolder, the following results 
were obtained: 
 The heat transfer from barrel to feed pipe was sufficient for the granulate to 
enter the barrel; 
 The heat transfer from the barrel to the needle was sufficient so that 
filaments were extruded; 
 The forced feeding system remained flawed; granules which were not 
perfectly round would jam in the feed pipe every now and then, effectively 
blocking the material supply to the extrusion screw.  
 The barrel, extrusion screw and needle subassembly can be retained since 
these components perform well.  
 The forced-feeding system needs to be completely redesigned, as it has 
become clear here that the one-granule approach, which is already an 
idealization of practical circumstances, does not work.  
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9. 2. 4.  Final COMET configuration  
9. 2. 4. a.  The torpedo subassembly 
Based on the results from the previous assemblies, it was required to redesign the 
feeding system so that: 
 Multiple granules can be transported at the same time; 
 The plunger or the granules cannot block the working of the feeding 
system; 
 The granulated polymer is heated only immediately before entering the 
barrel; this heating must be sufficient for the granules to be rendered 
viscous and malleable. 
The resulting design is the so-called torpedo subassembly, which can be seen in 
Figure 9-7(a) and is rotated in the views (b) and (c) and cut in the views (d) and (e) 
for a better look at its components.  
 
 
Figure 9-7: The torpedo subassembly: (a) side view of full subassembly, (b) view of 
the leading torpedo, (c) view of the torpedo cap, (d) cut view of (b), showing both 
torpedo spikes and (e) view of the trailing torpedo (= (c) with torpedo cap not 
shown).  
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The torpedo subassembly, which can also be considered as a three-spoked wheel, 
contains a heater coil which will evenly warm up all of the three composing parts to 
a set temperature (Tm
i. The leading torpedo, visible in 
 of the polymer). The function of the spokes and protruding 
spikes on both the leading and trailing torpedo is to bring the added heat into the 
centre of the polymer channel. The three composing parts are: 
Figure 9-7(b): as the granulate is 
pushed against the heated protruding spike and the sharp edges of the 
spokes by the plunger, it will begin to melt, soften into a malleable 
state and be pushed over the spokes to enter the trailing torpedo; 
ii. The trailing torpedo, visible in Figure 9-7(d): the polymer continues to 
take up heat via the spokes and the extended spike, which is longer 
here than for the leading torpedo, and continues to melt;   
iii. The torpedo cap, visible in Figure 9-7(c): this part will encapsulate the 
trailing torpedo so that the molten polymer does not contact the inner 
surfaces of the PEEK blocks holding the torpedo assembly; its tapered 
inner channel will also guide the molten polymer towards the entry of 
the barrel.  
Different views and sections of the leading torpedo are shown in Figure 9-8 to 
highlight the functional details of the subassembly. The circular groove which may 
be observed in section AA partially holds the coil of the resistive heater element, of 
which the connecting wires are led out through the lower slot opening; the torpedo 
cap encloses the other half. The small bore which is shown centrally in section BB 
contain a pin which positions the leading and trailing torpedo onto one another. 
Furthermore all the spokes have sharp edges facing the oncoming polymer, so that 
granules cannot jam against them but will flow over them instead.  
 
 
Figure 9-8: The leading torpedo part.  
 
 Micro-Extrusion of Thermoplastics for 3D Plotting of Scaffolds 
 
 250 
To obtain a good local heat transfer towards the polymer, the torpedo parts are made 
in beryllium-copper (BeCu), a material which should not be allowed to contact the 
polymer to avoid toxic contamination. However, it is possible to coat these parts 
with a thin titanium nitride layer which is both inert and heat resistant, thus solving 
that issue. As with the previous designs, the core block is made in PEEK, to 
minimize heat transfer to the supply zone and the barrel is made in steel 1.2311. The 
thermal properties of the three base materials of COMET are given in Table 9-1.  
 
Table 9-1: Thermal properties of the materials used for COMET [1-3]. 
 
material ρ  
[kg m-
σ  
³] [kg m s-2 K-1
C   
] [m² s-1 K-1
Steel 1.2311 
] 
7.8*10 44 3 474 
BeCu 8.3*10 95 3 400 
PEEK 1.3*10 0.25 3 1.34*10
 
3 
9. 2. 4. b.  COMET configuration 
The complete configuration for the COMET dispense head is shown in Figure 9-9, 
for a section at the level of the polymer processing path, which includes three zones:  
i. The supply zone (SZ): the “cold” zone, wherein material is either 
waiting in batch or being transported towards the torpedo assembly; 
ii. The transfer zone (TZ): a transitional zone between the supply and 
processing zone. This zone contains the torpedo subassembly where 
material is heated into melt prior to entering the barrel;  
iii. The processing zone (PZ): the “hot” zone of the barrel with extrusion 
screw and needle, where the polymer is extruded into a filament for   
3D plotting. 
The polymer granulate is added to the dispense head in the hopper (22), from where 
it can fall into the internal channel of the core block (1) if the plunger (8) is in the 
backwards position. The plunger, controlled by the valve (7), will move forward and 
push the granulate against the heated leading torpedo (3), so that it will melt while 
passing over the leading and trailing (4) torpedo into the tapered channel of the 
torpedo cap (6) which leads to the entrance of the barrel (9). A heater band (not 
shown in the figure) is mounted on the barrel which can be set to a higher 
temperature than the heater coil for the torpedo. The polymer is extruded by the 
screw (12) into a filament for 3D plotting through the encapsulated needle (17) at 
the end.  
Regarding the assembly method, the barrel is clamped against the torpedo block (5), 
which is in turned clamped against the core block by bolts that fit through the clamp 
block (10). The torpedo subassembly is held between the core block and the torpedo 
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block. The whole assembly is mounted against a base plate (11) onto which the 
hopper, stepper motor (15) and connecting block (16) are also placed. 
 
 
Figure 9-9: COMET final configuration, with an indication of the different zones.  
 
The assembled prototype of COMET is shown connected to the BioScaffolder 
machine in Figure 9-10. 
 
 
Figure 9-10: Prototype of COMET.  
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9. 3.  THERMOREGULATION OF COMET 
9. 3. 1.  Introduction 
By modelling the thermoregulation of the COMET dispense head, it is possible to 
verify the success of the thermal separation of material supply and polymer 
processing as well as to compare the results to those of the conventional dispense 
head from Chapter 8.  
A heat transfer analysis is done with the use of ABAQUS™ finite element software. 
The same polymer is considered as for the conventional dispense head, namely 
biomedical L-PLA4 with Tm
 
 = 179.8 °C. Once more, the steady-state analysis 
includes heat transfer by conduction, convection and radiation. 
9. 3. 2.  Finite Element Model 
9. 3. 2. a.  Modelling of the dispense head 
For the heat transfer analysis, COMET is reduced to six essential components, of 
which the assembly is shown in Figure 9-11: 
 The hopper for material supply (steel 1.2311); 
 The so-called inner torpedo, which merges the leading and trailing torpedo 
as a single part (BeCu); 
 The so-called outer torpedo, which is the same as the torpedo cap (BeCu); 
 The core block with its inner channel, which includes the torpedo block and 
clamp block from the COMET assembly (PEEK); 
 The barrel, which includes the encapsulated needle (steel 1.2311); 
 The plunger (steel 1.2311). 
In the cut view, only the surfaces of the (otherwise solid) components are shown for 
improved clarity.  
 
The relevant material properties were defined as in Table 9-1. Steel 1.2311 was 
assigned to the hopper, plunger and barrel; BeCu was assigned to the inner and outer 
torpedo and PEEK was assigned to the core block. 
 
                                                        
 
4 Durect-Lactel B6002-2 (Durect, Germany) 
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Figure 9-11: Simplification of the COMET assembly for heat transfer analysis.  
 
9. 3. 2. b.  General settings 
As in Chapter 8 for the conventional dispense head, the thermoregulation is 
simulated using ABAQUS™ software, in the Standard calculation mode, with the 
following general settings:  
 The models were consistently dimensioned in °C, kg and mm;  
 Absolute zero was entered as -273 [°C];  
 The Stefan-Bolzmann constant was entered as 5.6704*10-8 [Wm-2K-4
Two analysis steps are defined. In the initial step, a predefined temperature field is 
placed on the entire model, at a value of 25°C. The consequent step is a steady state 
heat transfer analysis, in which temperature is calculated. In this heat transfer step, 
external heat supply is modelled by placing temperature boundary conditions in two 
locations: 
].  
i. 180°C on the outer surface of the torpedo parts (where the heater band 
would be located). This is just above the melt temperature of the medical 
PLA material; 
ii. 200°C on the part of the barrel where the second heater band would be 
located; this is the same value as the set temperature of the heater pins in 
the conventional thermoplastics dispense head, so that a comparison can be 
made between the two systems.  
9. 3. 2. c.  Conduction, convection & radiation 
Heat is conducted within the dispense head assembly by the contact of the 
components. As for the model of the conventional dispense head in Chapter 8, the 
natural convection from the outer surfaces to the surrounding air is modelled by a 
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surface film interaction on all outer surfaces, with a film coefficient h = 11 W/m²·K. 
Radiation to the surroundings is modelled by adding two surface radiation 
interactions to an ambient sink temperature of 25°C. For the external surfaces of the 
steel section, emissivity was set at ε = 0,22 [4] and for those of the PEEK section at 
ε = 0,95 [5-9].  
For the narrow slit between the barrel and the clamping block, a cavity radiation 
interaction is added to model the irradiation of the PEEK by the steel surface of the 
barrel which it encloses; the cavity temperature is set at 170°C, the local surface 
temperature of the barrel and the above-mentioned emissivity values for steel and 
PEEK are used. The dispense head is not considered to be irradiated by its 
surroundings; heat uptake by radiation is neglected.  
9. 3. 2. d.  Modelling of the polymer material 
The polymer itself was not modelled as a separate part, but its heat uptake from the 
COMET components was simulated by adding surface film conditions to the 
assembly surfaces of the polymer channel, which specify the heat uptake by the 
polymer, dependent of its location in the dispense head. To this end, the polymer 
path was divided into the different regions shown in Figure 9-12, which are based on 
the results of a heat transfer analysis of the empty dispense head.  
 
Figure 9-12: Different zones for the modelling of the heat uptake by the polymer.  
 
1) Hopper zone: the material is below Tg
 
; 
2) Supply zone : the vertical supply channel in the core block. Analysis of the 
empty dispense head shows that the material will undergo glass transition 
in this region. The glass transition energy value which was determined 
experimentally in Chapter 8, was used to determine a film coefficient hg as 
follows:  
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ℎ𝑔𝑔 =  ∆Cp ,g∆t × mPLAAsensor × 10 6  �W m² ∙ K� �    (9.1) 
 
⇒ ℎ𝑔𝑔 =  1.64478 × 0.0225512.56 × 10 6 =  54.54 �W m² ∙ K� � 
 
With: 
 ∆Cp,g
 m the mass of the polymer  = 22.55 mg; 
 the specific heat capacity (at constant pressure) of the 
glass transition transformation = 1.644 J/g*K; 
 ∆t the duration of the transformation = 54 s; 
 A the surface area of the sensor = 12.56 mm². 
 
3) Pre-plastification zone : the horizontal supply channel, leading up to the 
heated torpedo. The material is considered to be between recrystallization 
and melting. Crystallization itself is not modelled because this 
transformation does not require heat from the surroundings;  
 
4) Plastification zone : the entry side of the torpedo; this is where the solid 
granulate is molten over the heated torpedo, extracting heat for this 
transformation from the surrounding torpedo surfaces. The melting energy 
value which was determined experimentally in Chapter 8, was used to 
determine a film coefficient hm
ℎ𝑚𝑚 =  ∆Cp ,m∆t × mPLAAsensor × 10 6  �W m² ∙ K� �  (9.2) 
 ⇒ℎ𝑚𝑚 =  3. 00578 × 0.0225512.56 × 10 6 =  69.17 �W m² ∙ K� � 
 as follows: 
With: 
 ∆Cp,m
 m the mass of the polymer  = 22.55 mg; 
 the specific heat capacity (at constant pressure) of the 
melting transformation = 3.005 J/g*K; 
 ∆t the duration of the transformation = 78 s; 
 A the surface area of the sensor = 12.56 mm². 
 
5) Processing zone: From the trailing torpedo side through the barrel to the 
extrusion point: the material is considered as a viscous polymer melt. 
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For the hopper zone, the pre-plastification zone and the processing zone, heat uptake 
by the thermoplastic melt is modelled based on the isothermal-step DSC analysis 
from Chapter 8. The DSC signal output QDSC
  ℎ(𝑇𝑇) = 10³ ∗ 𝑄𝑄𝐷𝐷𝐷𝐷𝐷𝐷 ∗ 𝑚𝑚𝐴𝐴   �𝑊𝑊𝑚𝑚 ²�         (9.3) 
 [mW/mg] from the isothermal heating 
steps was taken and normalized to the sample mass and sensor surface in order to 
obtain temperature dependent film coefficients h(T) for the polymer: 
With: 
 QDSC
 m the mass of the polymer [g]; 
 [mW/mg] the recorded DSC signal; 
 A the surface area of the sensor [mm²].  
Given that h(T) will be used to simulate an isothermal steady-state condition of the 
dispense head, its value is calculated as a single value for different isothermal 
temperature levels and not as a temperature-dependent function; the energy levels 
which reflect the rise in temperature between the different steps are disregarded. 
 
This leads to temperature-dependent values for the film coefficient of the hopper 
zone as listed in Table 9-2, the values in Table 9-3 for the pre-plastification zone and 
the values in Table 9-4 for the processing zone; these were programmed into the 
software using a tabulated temperature-dependent input.  
 
Table 9-2: Energy uptake at low temperatures and derived film coefficient values.  
 
T 
[°C] 
Q
[mW/mg] 
DSC h(T) 
[W/m²] 
35 0.001006 3.38 
40 0.001917 6.45 
45 0.002847 9.58 
 
 
Table 9-3: Energy uptake during high temperatures (solid phase) and derived film 
coefficient values.  
T 
[°C] 
Q
[mW/mg] 
DSC h(T) 
[W/m²] 
110 0.001542 5.44 
120 0.001336 4.71 
130 0.001504 5.30 
140 0.001515 5.34 
150 0.001559 5.50 
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Table 9-4: Corresponding DSC curve interval, energy level and calculated 
temperature-dependent film coefficient h(T) for heat uptake in the melt phase. 
 
T 
[°C] 
Q
[mW/mg] 
DSC h(T) 
[W/m²] 
180 0.006541 23 
190 0.007457 26 
200 0.01107 39 
210 0.01765 62 
220 0.02810 98 
230 0.04515 158 
 
9. 3. 2. e.  Mesh  
The assembly was meshed with 10-node quadratic heat transfer tetrahedron elements 
(element type DC3D10); a stepwise refinement of element size was applied to 
investigate mesh convergence. The nodal temperature NT was measured at seven 
points throughout the assembly, as illustrated in Figure 9-13; the resulting NT 
measurements are set out in Figure 9-14.  
 
 
Figure 9-13: NT check points on COMET for mesh convergence. 
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Figure 9-14: Mesh convergence analysis for COMET.  
 
The hopper and plunger are both in the relatively cold zone of the assembly; for both 
parts mesh convergence is achieved from mesh element size 2.5 mm on. Two points 
are measured on the core block: NT values on the outer corner (point 3) hardly 
differ, so point 4 is used as a reference instead. Mesh convergence is achieved for 
elements of size 2.5 mm or smaller. Both the barrel and the torpedo subassembly are 
more complex parts, so mesh sizes up to 1 mm are investigated. NT at the barrel tip 
is convergent from mesh size 4 mm on, but considering the thinner geometry at the 
tip it was decided to continue with elements of 1.5 mm for the barrel. Only small 
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variations are evident for the torpedo parts, as they are close to a heat source and 
made of solid BeCu, which is, as stated earlier, a material with excellent heat 
transfer properties. Convergence is achieved for the inner torpedo at elements       
2.5 mm and smaller and for the outer torpedo at 2 mm and smaller. Given that these 
components form a subassembly together, it is decided to use the same element size 
of 2.0 mm on both parts. 
The resulting mesh for the COMET assembly is shown in Figure 9-15.  
 
 
Figure 9-15: (a) meshing of the COMET assembly, with (b) close-up of the needle, 
and views of the internal parts (c) outer and (d) inner torpedo.  
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9. 3. 3.  Heat transfer analysis 
The results of the heat transfer analysis of the COMET system, including the heat 
uptake by the polymer, are displayed in Figure 9-16. The individual elements are not 
shown for increased clarity. Clearly, the outer mantle of the hopper is cold, with 
temperatures varying between 28 and 30°C. The barrel is evenly heated (by the 
second heater band), with temperatures between 195 and 200°C along the barrel and 
a limited decrease to values around 190°C at the needle tip.  
 
 
Figure 9-16: Heat transfer analysis of the COMET dispense head. 
 
The location of the torpedo subassembly in the core block can be discerned as a 
hotter region, where the heat from the first heater band (around the inner torpedo 
parts) is conducted to the outer surfaces to some degree; at the upper surface, 
temperatures between 140 and 150°C are attained and at the side surfaces a 
maximum temperature of only 85°C is reached. The poorly conducting PEEK 
material clearly attenuates the heat over the course of its surrounding bulk, which is 
illustrated  by the enlarged section across the torpedo in Figure 9-17.  
 
 
Figure 9-17: Section across the torpedo. Colour scaling is identical to Figure 9-16. 
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A section of the COMET dispense head is made at the position of the polymer 
processing path in Figure 9-18, so that the internal thermoregulation may be viewed. 
The effect of the use of two heater bands at different temperatures is clearly 
observed: the torpedo subassembly is evenly heated at 180°C and this temperature 
gradually rises to the temperature of the second heater band (200°C) which is 
located on the barrel.  
 
 
Figure 9-18: Heat transfer analysis of COMET: sectioned view along the polymer 
path.  
 
The internal channel of the hopper itself is demonstrated to be cold (maximum 
30°C), with temperatures rising to maximum 70°C at the bottom of the receiving 
channel. Even as the granulate is pushed towards the heated torpedo, the 
surrounding wall surfaces reach only a maximum temperature of 130°C. Once the 
tapered entry of the torpedo is accessed, the wall temperatures will rise over the 
course of a few millimetres to the set temperature of the torpedo (180°C), which 
corresponds to the polymer’s Tm
The irradiation of the PEEK clamp block by the hot barrel results in surface 
temperatures on the PEEK of 130°C in the centre of the open cavity and 105°C at 
the outer surfaces, which is attenuated over the thickness of the block as with the 
heat of the torpedo.  
. 
 
Finally, the evaluation of the division of the COMET system into the five 
temperature zones for the modelling of the polymer is illustrated Figure 9-19: for 
each of the defined zones, the validity of their assumed boundary conditions is 
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checked in  Table 9-5. It is demonstrated that the placement of the zones was well-
chosen and that the temperature-related assumptions were indeed correct.  
 
 
Figure 9-19: The temperature zones on the COMET system after heat transfer 
analysis.  
 
Table 9-5: Verification of the temperature zones in COMET.  
 
zone assumption verification 
1 T < T Tg max
2 
 = 31.7°C 
T crosses Tg T from 30°C to 70°C  (= 56.5 °C) 
3 T < T 70 °C < T < 130°C m 
4 T rises to Tm T rises to 179.8°C (= 179.8°C) 
5 T < T 180°C < T< 199.8°C m 
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9. 3. 4.  Discussion 
Figure 9-20 compares the thermoregulation of the COMET system to the 
BioScaffolder's conventional dispense head for thermoplastics; the listed colour 
scale is applicable to both dispense heads.  
 
 
Figure 9-20: Comparison between the heat transfer analysis results for (a) COMET 
and (b) the conventional dispense head. Enlargements of the needle sections in (c) 
and (d) respectively.  
 
Some relevant temperature values are listed in Table 9-6 for both systems, along 
with their location. The major problem of the conventional dispense head, the 
overheating of the batch material in the hopper, has been adequately addressed by 
the COMET system: temperatures in the hopper are reduced to below 40°C and to 
below 70°C in the supply channel, well below the processing temperatures of     
180-200°C. This is a reduction of over 100°C for the medical PLA polymer 
modelled herein.  
Overall, thermal loading has been reduced along the entire polymer processing path; 
in the conventional dispense head, the polymer is in the molten state, above Tm, for 
its entire trajectory, while in COMET the polymer will encounter surroundings at 
Tm for the first time at the torpedo subassembly, after which temperature rises over 
the course of the upper half of the barrel to the set temperature of the barrel heater 
band (200°C). Additionally, the tip of the extrusion needle maintains a considerably 
higher temperature for COMET, due to the proximity of the second heater band 
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which is placed on the barrel, as opposed to the conventional dispense head, where 
the resistive heater elements are positioned inside the core block. As such, the 
temperature overshoot (necessary exaggeration of the core block temperature in 
order to maintain sufficient temperature level at the extrusion point) which was 
described for the conventional dispense head, can clearly be reduced for COMET.  
 
Table 9-6: Comparison of some temperature values between both dispense heads.  
 
location COMET 
[°C] 
conventional DH 
[°C] 
Overall highest temperature barrel 
200 
core block 
200 
Tip of extrusion  needle  190 178 
Overall lowest temperature 
(top of hopper) 
25 109 
Batch material (1) 
 (level with block entrance) 
40-55 183 
Batch material (2) 
(bottom of downwards channel) 
45-70 196 
 
While comparing both dispense heads, the modularity of the assembly should be 
considered as well. It has been previously mentioned that for a material changeover, 
the entire conventional dispense head needs to be disassembled and cleaned. With 
the COMET system, the only parts which contact the molten polymer are the 
torpedo subassembly, the barrel, the extrusion screw and the extrusion needle. This 
‘half’ of the COMET system can be dismounted sideways from the core block, 
which has the advantage that the core block and hopper do not need to be 
disassembled from the base plate for cleaning.  
 
9. 3. 5.  Conclusions 
Based on the steady state heat transfer analysis of the COMET system and the 
comparison with the conventional dispense head, the following improvements are 
noted for COMET: 
 thermal separation of material supply and polymer processing is achieved;  
 instead of a uniform heating at the highest temperature, the temperature 
profile is now graded along the polymer path, which further reduces overall 
thermal load; 
 the phenomenon of needle freeze-off is severely reduced; 
 a material changeover should require less time and effort.  
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As such, it may be concluded that the COMET dispense head has an obviously 
superior thermoregulation for the processing of thermally sensitive thermoplastics.  
 
9. 4.  EXPERIMENTAL VALIDATION 
It remains now to deliver proof-of-concept for COMET with the operational testing 
of a prototype. First, infrared (IR) images of the COMET dispense head are made to 
validate the results from the finite element analysis of the thermoregulation.  
Secondly, it must be tested whether the forced feeding and local heating system with 
the torpedo subassembly are functional and scaffolds can effectively be 
manufactured by 3D plotting of extruded filaments.  
 
9. 4. 1.  Infrared imaging of COMET 
9. 4. 1. a.  Methods 
The heater band of the torpedo was set to 180°C and the one on the barrel to  200°C, 
the same temperature settings which were used for the finite element model; the 
assembly was left to heat up evenly for half an hour and the ambient temperature 
was 24°C at the moment of the experiment. Images of the dispense head were made 
with an IR camera5
Images were processed with Testo IR software. It must be remarked that IR imaging 
only permits a view of the outside of the measured object; it is impossible to 
visualize the heat inside the dispense head. As such, it was also decided not to fill 
the dispense head with expensive medical PLA polymer, but to evaluate the 
thermoregulation of the COMET dispense head in an empty state. 
; to avoid disturbance by reflection, the metal components were 
lacquered with a dull heat resistant paint, bringing the emissivity of all components 
to ε = 0.95. This was also adapted in the finite element model to which the results 
are compared. 
9. 4. 1. b.  Results and discussion 
The IR image of the COMET dispense head is shown in Figure 9-21(a) and 
compared to the results of the finite element model in Figure 9-21(b), which is a 
smaller copy of Figure 9-16. The heater band on the barrel was not coated with dull 
paint and as such it is depicted with a temperature value below its true temperature 
of 200°C, the value of which is confirmed by the built-in thermocouple. The line 
which appears to cross over the PEEK core block is the connection wire of the 
thermocouple of the heater band around the torpedo. An overall similarity between 
both images may be observed: the barrel is the hottest region while the hopper and 
                                                        
 
5 Testo 875-2 (Testo, Belgium), with an accuracy of ± 2°C.  
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the part of the core block which holds the downwards supply channel are the 
relatively cold regions. Around the location of the heated torpedo, a heat 
concentration is seen, which is attenuated over the bulk of the PEEK material. For 
the model, the temperature on the observed side of the block diminishes evenly in all 
directions away from the torpedo placement, but for the IR image, temperatures 
remain higher towards the bottom of the block surface than towards the top.  
 
 
Figure 9-21: (a) IR image of the COMET dispense head, next to (b) results of the 
heat transfer analysis of the finite element model.  
 
Measurements of some local temperatures are made in Figure 9-22 for the PEEK 
blocks, in Figure 9-23(a) for the needle and in Figure 9-23(b) for the hopper. By 
narrowing the temperature scale for these local measurements, a more detailed 
perception of the variations in temperature (or the lack thereof) is offered. Regions 
which are outside the boundaries are coloured white (higher T) or black (lower T).  
The measurements of points M2 and M3 indeed shows that the temperature remains 
about 20°C higher at the bottom of the PEEK block surface, compared to the upper 
side of the surface.  
 
Figure 9-22: Temperature measurements on the PEEK components. 
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This is attributed to irradiation of the PEEK block by the lower heater band (200°C) 
and heated barrel, something which was not included in the finite element model.  
 
Evaluating the thermoregulation around the needle in Figure 9-23(a), it is seen that 
the needle freeze-off effect is indeed much reduced for the COMET system: the 
needle tip (point M4) remains at 177.1°C. Here as well, the coils of the heater band 
are falsely depicted as being colder due to their surface reflection.  
Temperatures on the outside of  the hopper are measured in Figure 9-23(b), where it 
is seen that temperatures on the hopper surface are around 60°C and decrease only 
slightly over its length.  
 
 
Figure 9-23: Temperature measurements on (a) the extrusion needle and (b) the 
hopper.  
 
The measured temperatures are compared to the results of the finite element analysis 
in  Table 9-7; values which were higher in the IR image are marked orange and 
values which were lower are marked in blue. This FEM was executed with a 
emissivity value of 0.95 for the steel components (barrel and needle). It can be seen 
that there is some mismatch between both temperature profiles. The temperatures 
around the needle (M4 and M5) are about 10 °C lower than expected, which is 
attributed to the lack of hot polymer melt inside the needle.  
 
Table 9-7: Comparison between the local temperature values T(IR) from the IR 
images and T(FEM) from the finite element model.  
 
point M1 M2 M3 M4 M5 M6 M7 
T(IR) [°C] 123.8 100.5 77.6 177.1 182.2 60.6 58.8 
T(FEM) [°C] 97.9 70.6 69.4 184.3 192.1 25.9 25.3 
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The higher IR temperatures measured on the PEEK block (M1 to M3) are attributed 
to the irradiation of these components by the heater band and barrel, as was 
observed in Figure 9-22. This supposed irradiation does not explain the higher IR 
temperatures of the hopper. Here, it would appear that the convection to the 
surroundings has been overestimated. Indeed, the film coefficient h to define this 
convection was set at 11 [W/m²*K] for all outer surfaces of COMET. The COMET 
system, however, is not uniformly at elevated temperatures as was the conventional 
dispense head and a re-evaluation of the h coefficient is in order.  Based on Equation 
(8.1) and presuming an outer surface temperature of 60°C, the value for h instead 
becomes: 
ℎ = 2 ∙ �𝑇𝑇𝑠𝑠 − 𝑇𝑇𝑎𝑎3 = 2 ∙ √60 − 253 = 6.54 �𝑊𝑊 𝑚𝑚² ∙ 𝐾𝐾� �   (9.4) 
The steady-state heat transfer analysis is repeated, now with the convection defined 
separately for the colder (containing the hopper and entry part of the core block) and 
the hotter (the rest of the core block and the barrel with needle) part, resulting in the 
temperature values for the relevant measurement points as listed in Table 9-8. 
Although there is still some difference in the recorded values, this is now limited to 
less than 5°C for M3 and less than 10°C for M2. The larger difference which 
remains for M1, the point closest to the heated torpedo, leads to suspect that the 
conductivity of the PEEK has been underestimated in the model. This would also 
explain how the adapted convection value has no effect on the measured 
temperatures for the hopper (M6 and M7); heat simply is not considered to be 
conducted as far as the steel hopper tube. It would be useful to experimentally verify 
the value for the conductivity of the PEEK which was used for the construction of 
COMET.  
 
Table 9-8: Local temperature values on the PEEK block after adaptation of the 
convection.  
point M1 M2 M3 M6 M7 
T(IR) [°C] 123.8 100.5 77.6 60.6 58.8 
T(FEM) [°C] 108.8 90.5 81.0 26.1 25.5 
 
A final comparison is made between the two dispense head systems in Figure 9-24, 
from which it is concluded that COMET has a superior thermoregulation compared 
to the conventional dispense head, based on the observations that: 
 The batch material in the hopper and supply zone is at far lower 
temperatures for the COMET system, thus achieving the required thermal 
separation; 
 The phenomenon of needle freeze-off does not occur in a significant 
manner for COMET, while it has a large impact for the conventional 
dispense head; 
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 Overall temperatures are lower for COMET, except in the relevant 
processing regions (barrel and needle), where the heat is required. 
 
Figure 9-24: Comparison between the IR images of (a) COMET and (b) the 
conventional dispense head.  
 
 
9. 4. 2.  3D plotting of scaffolds with COMET 
The assembled COMET prototype is shown connected to the BioScaffolder in 
Figure 9-25. For the first trials, scaffolds were manufactured in PCL because this is 
a cheaper material (by a factor 100) than medical PLA; these experiments serve only 
to illustrate the COMET system's ability to manufacture scaffolds by 3D plotting of 
an extruded filament.  
The heater band of the torpedo subassembly is set at 58°C, the exact Tm
It is first tested whether the polymer granulate will melt over the torpedo 
subassembly as required; the results of this are seen in 
 of the PCL; 
the heater band on the barrel is set to a higher value 80°C to ensure a good polymer 
melt flow. Both temperatures are below the uniform temperature which was 
previously used for processing PCL with the conventional dispense head for 
thermoplastics (100°C). 
Figure 9-25(a), where there is 
no extrusion needle mounted yet but polymer melt can be observed to exit the barrel. 
When the extrusion needles is subsequently mounted, it can be seen in             
Figure 9-25(b) that a filament is effectively extruded by the COMET dispense head. 
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Figure 9-25: the functional COMET assembly mounted on the BioScaffolder 
machine (a) without a (b) with a mounted needle.  
 
Figure 9-26(a) shows how the COMET dispense head is used for the plotting of a 
scaffold. The resulting geometry is shown in Figure 9-26(b) and (c), where it can be 
seen that the scaffold has a porous and regular geometry.  
 
 
 
Figure 9-26: (a) Plotting of a scaffold with COMET and (b), (c) the resulting 
scaffold geometry.  
  
It was observed that, if the heater band is placed too low on the barrel, it will 
significantly irradiate the scaffold being plotted, which may result in deformations 
of the scaffold. This observation, in combination with the irradiation of the PEEK 
core block by this heater band which was noted in the IR analysis, leads to the 
conclusion it would be useful to insulate the heater band so that (i) the added heat is 
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better contained within the barrel and (ii) the scaffold nor the PEEK core block can 
be irradiated.  
 
To inspect the operational functionality of the torpedo subassembly, the dispense 
head is disassembled after the first production run; the torpedo is taken out without 
any manipulation of the surrounding polymer material. In Figure 9-27(a) it is 
demonstrated that while some granules have stuck to the leading torpedo, they are 
still in the solid state and their individual granule shape has remained intact. After 
gently removing these granules, it can be observed in Figure 9-27(b) that the 
polymer which has entered the torpedo has begun to melt and is rendered malleable, 
since (i) several granules are seen to be pressed inside the spokes as well as some 
viscously stretched-out melt phase and (ii) the polymer has become more 
translucent, which signifies the reduction of the crystalline phase. These 
observations confirm the functionality of the torpedo subassembly: the granulate is 
in the solid state until it is transported against the leading torpedo, after which it will 
begin to melt so that it can pushed through the spokes. 
 
 
Figure 9-27: Torpedo after disassembly: (a) polymer is semi-molten inside the 
torpedo and (b) solid just before the torpedo.   
 
Concerning the modularity of the system and the ease of assembly, the number of 
components which need to be dismounted and cleaned or replaced between the use 
of two different polymers materials has been significantly reduced: disassembly of 
the core block, which was the most laborious part of a material changeover with the 
conventional dispense head, is no longer necessary. The components which contact 
the molten polymer and must therefore be disassembled still include the barrel, 
screw as well as the aft and leading torpedo. The needle is not considered, since it is 
exchanged between processing runs anyhow, regardless of material changeovers.  
To execute a quick material changeover with the current COMET configuration, it 
would be advisable to avail of a second set of these components.   
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9. 5.  CONCLUSIONS AND PROSPECTS 
In response to the difficulties perceived for the reliable processing of thermally 
sensitive polymers with the conventional dispense head, the COMET system was 
developed. Preserving the functional elements of the conventional unit, some 
important aspects (like the heated torpedo subassembly) were incorporated in the 
design, which were proven to be effective in the finite element model of the 
thermoregulation. The results include the achievement of:  
i. Thermal separation of the material supply (cold) and polymer 
processing (hot) zones, realized by using the (non-)conductive 
properties of the different composing materials and localized heating. 
The polymer material is kept at temperatures well below Tm
ii. A discontinuous material supply, which will only bring the polymer 
to the hot transfer zone prior to its actual processing; 
 in the 
hopper and supply zone; a temperature reduction of roughly 100 °C is 
noted for the hopper region; 
iii. A modular build-up, which has reduced the number of components 
that need to be cleaned or replaced for a material changeover; 
iv. A severe reduction of the needle freeze-off that was observed for the 
conventional dispense head, which in turn eliminates the necessity of a 
temperature overshoot in the core block.  
Comparing the finite element model of COMET to IR images of the prototype, it 
was found that the model gives a good representation of how the heat spreads 
throughout the COMET assembly. However, some mismatch was observed due to 
the non-inclusion in the model of the irradiating effect in the heater band on the 
barrel and that of the barrel itself.  As such, the  temperature values produced by the 
steady-state heat transfer analysis were somewhat lower than those recorded by the 
IR imaging. Also, it was found that the conductivity of the PEEK used for COMET, 
may have been underestimated. For future models, it is advisable to (i) include the 
possible irradiation between components and (ii) to experimentally validate the 
conductivity of the PEEK material. 
 
Thus, in future, it will be possible to process thermally sensitive polymers through 
micro-extrusion and 3D plotting. This does not need to be limited to biomedical 
applications; it is envisioned that COMET might equally be used for the processing 
of (i) newly developed or very expensive polymers, of which only small quantities 
are available, or (ii) polymers for multi-material applications like fibre placement. 
As COMET can be made interchangeable with any 3D position system, the 
possibilities are numerous.    
Chapter 9 COMET 
 
 273 
9. 6.  REFERENCES 
1. PEEK (unfilled) material properties. From CES Edupack. Granta. Accessed 
2011. 
2. Steel 1.2311 material properties. From CES Edupack. Granta. Accessed 
2011. 
3. Beryllium Copper material properties. From CES Edupack. Granta. 
Accessed 2011. 
4. Incropera, et al., Fundamentals of Heat and Mass Transfer. 6th edition 
ed2007: Wiley & Sons. 
5. Golzar, M., et al., Online temperature measurement and simultaneous 
diameter estimation of fibers by thermography of the spinline in the melt 
spinning process. Advances in Polymer Technology, 2004. 23(3): p. 176-
185. 
6. Golzar, M., Melt Spinning of the Fine PEEK Filaments, 2004, Technischen 
Universität Dresden. 
7. Electronic, D. Table of emissivity values of common materials. 
http://www.dostmann-electronic.de/PHP/docs/243.pdf]. 
8. Raytek. Emissivity Values for Common Materials & Non-Metals. 
[http://www.raytek.com/Raytek/en-
r0/IREducation/EmissivityNonMetals.htm] 2010. 
9. OptoTherm. Emissivity in the Infrared. [http://www.optotherm.com/emiss-
table.html] 2008. 
 
 
  
 Micro-Extrusion of Thermoplastics for 3D Plotting of Scaffolds 
 
 274 
 
Chapter 10 Conclusions and Future Research 
 
 275 
Chapter 10  
 
CONCLUSIONS AND FURTHER RESEARCH 
This chapter summarizes the key findings of this doctoral dissertation. Based 
on these conclusions, suggestions are formulated for further research on the 
topic.  
 
10. 1.  CONCLUSIONS 
This doctoral research has studied the production of scaffolds with the technique of 
3D plotting of micro-extruded filaments of bioresorbable thermoplastics, which have 
sufficient mechanical and cell-interactive properties for the use in cardiovascular 
tissue engineering. Two main aspects were addressed, namely (i) the production 
and evaluation of PCL scaffolds for the replacement of arteries and heart valve 
cusps and (ii) the expansion of this production technique to the micro-extrusion and 
3D plotting of thermally sensitive polymers like PLA.  
 
The 3D plotting of extruded polymer filaments was found to be a reliable and 
reproducible technique for the manufacture of porous PCL scaffolds. By fine-
tuning the process parameters, the filament diameter FD can be kept within 5% of its 
set values (corresponding to the ID of the extrusion needle). The mean value of the 
distance SD between neighbouring filaments remains within the same margin of its 
set value, yet an alternating too large and too small SD value, which is caused by the 
machine settings, is noted for thinner needle types.  
 
PCL was evaluated for its bulk mechanical properties in different uni-axial 
loading modes. Results from these tests were very reproducible; the modulus in 
tension (Et = 440 ± 3 MPa) and in compression (Ecomp = 455 ± 2 MPa) were found 
to match well to one another, while the value of the flexural modulus                      
(Eflex = 414 ± 10 MPa) was somewhat lower. The tensile yield strength was found to 
be σy,t
 
 = 17.82 ± 0.47 MPa, after which the polymer exhibitive large plastic 
deformations prior to ultimate failure. Concerning the polymer’s biological 
properties, it was found that barely 50% of seeded cells survived on the PCL surface 
after 72 hours of culture.  
In a series of CT experiments, the complex extracellular matrix of natural arterial 
tissue was visualized, confirming the tissue’s complex, non-homogenous, porous 
and layered structure. It was demonstrated that the use of crosslinking agents has a 
densifying effect on the tissue, although an exact quantification was not possible.  
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Based on a literature review of the mechanical properties of arteries, it was decided 
to compare them with scaffolds based on (literature values of) the circumferential 
modulus Eθ
For heart valve leaflets, the flexural mechanical properties were derived from a 
series of macro-indentation experiments, for which a new sample holder was 
developed. From a static rupture experiment, the properties EXT (indentation at 
break), ML (maximum load) and ST
, which can be derived from a tensile ring-open experiment.  
stat
The reference values for the mechanical properties of natural cardiovascular tissue 
are included in 
 (stiffness factor, the slope of the load-
indentation curve) were determined. In a cyclic indentation experiment, it was found 
that the cusp tissue is susceptible to the strengthening influence of preconditioning 
and that after three loading cycles, normal operating conditions were achieved; the 
value of the flexural stiffness factor ST3 did not change significantly afterwards and 
is considered representative for the functional flexural response of the tissue. Large 
variations were noted on all values for the natural cusp tissue.  
Table 10-1.  
 
Concerning PCL tubes for arterial scaffolds manufactured by conventional        
3D plotting, it was found that the tubes were unsuitable due to the inherent 
properties of the production technique such as (i) the lack of continuous fibres over 
the length of the tube and (ii) the excessive density of the tube wall, which resulted 
in Eθ values of over ten times those of natural arterial wall. Wound tubes, however, 
had both continuous fibres over their length and a wall porosity which could be 
affected by variations in winding angle and speed. Mechanically, they displayed 
more favourable results as well, with Eθ
Results for the best (most flexible) tubes of each type are included in 
 values reduced to about twice that of the 
natural tissue.  
Table 10-1.  
 
As scaffolds for heart valve cusps, thin flat PCL leaflets with different filament 
sizes and orientations were developed and evaluated in the same flexural indentation 
experiment as the natural valves. It was found that (i) they needed to be 
preconditioned with a single loading cycle before reaching operating conditions,   
(ii) the flexural properties were independent of layer orientation and (iii) the scaffold 
flexibility increased with diminishing filament size. Flexural stiffness values of 
130% of those of the natural tissue were obtained for those scaffolds with the 
thinnest filaments (127 µm); their mechanical properties are included in Table 10-1. 
 
Summarizing a comparison between the mechanical properties of natural 
cardiovascular and a selection of the most promising scaffold types in each category 
in Table 10-1, it may be concluded that, although a large progress has been made 
towards creating more flexible scaffolds, these PCL scaffolds are not yet able to 
completely emulate the flexible properties of the natural tissue. Further measures 
will need to be taken to affect the relative stiffness of the polymer material.  
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Table 10-1: overview of the mechanical properties of the natural tissue and the best 
approximation achieved by PCL scaffolds. 
 
part/tissue property unit derived from value 
Natural artery E MPa q literature 0.4 – 2 
3D plotted tube E MPa q Ring-open tensile test 17.93 ± 1.49 
Wound tube E MPa q Ring-open tensile test 4.53 ± 1.49 
Valve cusp EXT mm Static rupture test 3.26 ± 0.64 
 ML N Static rupture test 13.05 ± 4.48 
 ST N/mm stat Static rupture test 5.89 ± 1.70 
 ST3 N/mm Quasi-static indentation 
cycle 
8.97 ± 1.17 
Leaflet scaffold EXT mm Static rupture test 2.46 ± 0.09 
 ML N Static rupture test 19.31 ± 0.31 
 ST N/mm stat Static rupture test 9.72  0.49 
 ST3 N/mm Quasi-static indentation 
cycle 
12.80  0.28 
 
To further increase the flexibility of the leaflet scaffolds, PCL was compounded 
with up to 10% of low molecular weight PEO. Evaluation by means of the 
flexural indentation test showed that the flexural stiffness was indeed reduced 
proportional to the amount of blended PEO, at a rate of 1.37% loss in ST for each 
weight percent of blended PEO. Furthermore, it was observed that the PEO fraction 
migrated towards the outer regions of the extruded filaments during processing, 
resulting in an increased surface roughness and a severe attenuation of the 
hydrophobic nature of the PCL surface.   
 
To improve the cell-interactive surface properties of the 3D plotted PCL scaffolds, a 
method was developed for the processing of collagen suspensions into solid parts. 
Collagen moulding proved to be a reliable and reproducible method for the rapid 
manufacturing of pure collagen leaflets and collagen top layers on 3D plotted 
PCL scaffolds alike. A summary of the results for the mechanical and biological 
properties is given in Table 10-2. It can be seen that the mechanical properties of the 
pure collagen scaffolds are far inferior to those of the natural tissue; however, they 
displayed excellent cell-interactive properties. Combining the collagen with PCL in 
hybrid scaffolds, it was found that the mechanical properties of the structural PCL 
backbone are not only retained, but they increase due to crystallization of the 
polymer during the oven treatment for the desiccation of the collagen component.  
The collagen top layer performed its cell-interactive function very well, with cell 
viability results up to 100 % after 72 hours of culture.  
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Table 10-2: Summary of the mechanical and biological properties of the natural 
cusp, PCL scaffolds and collagen moulded scaffolds. 
 
Scaffold/tissue EXT 
[mm] 
ML 
[N] 
ST 
[N/mm] 
Cell viability 
[%] 
Natural cusp 3.26 ± 0.64 13.05 ± 4.48 5.89 ± 1.70 - 
Collagen C3 1.01 ± 0.03 0.79 ± 0.07 0.62 ± 0.07 85 ± 11.6 
Collagen C5 1.14 ± 0.07 1.54 ± 0.23 1.13 ± 0.16 97.1 ± 1.2 
PCL 2.57 ± 0.05 26.83 ± 0.44 10.22 ± 0.77 48.5 
Hybrid PCL_C 2.84 ± 0.17 25.45 ± 1.05 15.05 ± 0.22 98 
Hybrid PCL_CE 2.76 ± 0.18 32.00 ± 0.81 17.43 ± 2.18 100 
 
 
In a second aspect, this doctoral study was dedicated to the use of the 3D plotting 
technique for the reliable processing of thermally sensitive polymers like PLA.  
Evaluating a series of scaffolds plotted in PLA, it was quickly ascertained that it is 
not possible to create reproducible PLA scaffolds with the current 
BioScaffolder configuration. An analysis of the polymer processing path, 
supported by a finite element model of the dispense head’s thermoregulation and by 
IR imaging, confirmed that the polymer batch is kept at elevated processing 
temperatures for the entire duration of its residence time in the dispense head. 
Through quantification of the effect of this elongated residence time on the 
structural integrity of the polymer chain, it was demonstrated that PLA 
homopolymers lose nearly all structural integrity after six hours of residence time. 
PLA-based copolymers proved more resilient but also lost up to 30% of their chain 
length after a six hour interval. As such, it was concluded that a suitably adapted 
dispense head would be required for the processing of thermally sensitive polymers. 
 
Accordingly, a new dispense head (COMET) was developed; its design was 
oriented towards the minimization of the thermal loading of the polymer before 
and during processing. Its main principles included (i) a thermal separation of the 
material supply (cold) and material processing by extrusion (hot) and                     
(ii) a controlled feeding system in which granulate would only be transported 
towards the processing zone just prior to its actual processing. This was realized by 
using components with different thermal properties, more localized heat supplies 
and an active feeder system. Evaluation of the thermoregulation by means of a finite 
element model confirmed that thermal loading of the polymer was indeed much 
reduced by the COMET system: (i) temperatures in the material supply were 
reduced by roughly 100°C, placing them far below Tm instead of above it and        
(ii) the polymer granulate is heated above Tm only when it is transported towards the 
hot processing zone. IR imaging of the heated COMET system showed that the 
finite element model had been adequate, but that the conductivity of the PEEK 
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material used was possibly underestimated. Also, the irradiation of the PEEK 
components by the barrel heater band should be included in future modelling. 
Further experimental validation of the COMET dispense head showed that the 
localized heating system and controlled feeding were indeed functional and that it 
was possible to create scaffolds through 3D plotting.  
It was concluded that the COMET dispense head system offers the possibility for 
reliable processing of thermally sensitive polymers by micro-extrusion for        
3D plotting and the design was covered in a European patent1
 
.  
10. 2.  SUGGESTIONS FOR FURTHER RESEARCH 
This doctoral study has covered a range of subjects related to the processing of 
thermoplastics for scaffolds and in the process, several research topics have been 
identified which would merit further research.  
 
The bulk mechanical properties were determined for PCL in this dissertation; the 
material constants derived from the tensile, flexural and compressive experiments 
can be complemented with an experimental determination of Poisson’s ratio and be 
used in a follow-up research to develop a predictive finite element model for the 
elastic-mechanical behaviour of scaffolds manufactured by 3D-plotting of 
extruded filaments. Such a model could be a valuable tool for the development of 
adequate scaffolds. When modelling the functional scaffold response under loading 
conditions, special attention will have to be paid to the non-homogenous fibre-based 
nature of the scaffolds.  
 
The winding of extruded filaments into tubes as an alternative production method 
with the BioScaffolder has been touched only briefly within this research. In the 
exploratory trial which was conducted, it became evident that they show much 
promise for the development of flexible tubes for the functional replacement of 
arteries. Further research could investigate (i) the implementation of specific 
winding patterns by influencing rotational speed and direction in relation to the 
dispense head feed F, (ii) the effect of varying filament sizes, winding angles and 
overall wall porosity on the mechanical properties of the wound tubes or              
(iii) the possibility to use the technique for fibre placement within composite 
structures. 
 
The compounding of PCL with PEO showed that it is possible to improve both the 
mechanical and surface properties of the PCL scaffolds. Topics which remain to be 
investigated, however, include (i) an evaluation of the compounds in cell viability 
                                                        
 
1 EPO PCT publication number WO2011/092269 
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assays, (ii) a determination of the amount of PEO which can be blended in without 
compromising structural integrity, (iii) an evaluation of the possibility to closely 
emulate the flexible properties of the natural tissue when using the compounds for 
3D plotting of scaffolds with the finest filaments and (iv) the effect of PEO’s 
solvability in water on the scaffold structure, something which could be used as a 
specific advantage to create micro-porous scaffolds.  
 
The Collagen Moulding technique offers great possibilities for further research, 
which should include more elaborate cell culture studies on hybrid PCL/collagen 
scaffolds as well as a study on the in vitro or even in vivo stability of the collagen 
components. Also, with the collagen providing an interconnective matrix between 
the PCL filaments, it might be considered to improve scaffold flexibility by reducing 
the heart valve scaffolds to two layers (instead of four), a strategy which was 
previously discarded out of concern for the scaffold’s structural integrity under 
loading conditions. Expanding upon the collagen processing technique itself, it 
merits interest to explore alternative techniques like spin coating of three-
dimensional parts or freeze-drying of the collagen gels instead of oven-based 
desiccation.  
 
Finally, for the newly developed COMET dispense head, some application-
oriented work remains to be done: (i) verifying the thermal properties of the PEEK 
material used, (ii) isolating the heater element on the barrel, (iii) establishing a set of 
processing parameters for the micro-extrusion of different polymers and               
(iv) incorporating the device in multi-material applications which need not 
necessarily be medically-oriented.  
Likewise, some expansions of the COMET technology could be envisioned, such as 
the use of small extrusion dies for the fabrication of hollow or non-round fibres.  
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